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ABSTRACT 
  
Superelastic shape memory alloys (SMAs) are a class of metallic alloys that have 
the unique property of being able to undergo large amounts of plastic strain while 
remaining elastic and dissipating energy.  This thesis explored a strategy for adding 
ductility and energy dissipation to FRP reinforcing bars through the use of SMA-fiber 
reinforced polymer (SMA-FRP) composites, an innovative type of composite that 
consists of a polymer matrix reinforced with small diameter superelastic SMA wires with 
and without additional conventional fiber reinforcement.  In this study an analytical 
model for the behavior of SMA-FRPs was developed based on experimental results.  This 
model was then used in a parametric study to determine the effect of the composition of 
the composite on its performance.  After which, the SMA-FRP bars were explored as 
reinforcement for concrete structures with analyses at the section, substructure, and 
structural levels.  From this study it was found that SMA-FRP reinforcing bars behave in 
a ductile manner and are capable of dissipating energy.  Furthermore, it was found that 
SMA-FRP bars have more potential to improve the ductility and energy dissipation 
capability of concrete structures compared to conventional FRP bars. 
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CHAPTER 1:  
INTRODUCTION 
  
1.1 MOTIVATION 
 Fiber reinforced polymer (FRP) bars have long been suggested as reinforcement 
for concrete structures because of some of the unique advantages they provide when 
compared to traditional steel reinforcement.  These advantages include low strength-to-
weight ratio, magnetic invisibility, and high corrosion resistance [Bank, 2006].  There are 
numerous examples of FRP reinforcement of concrete structures in use today, including 
diaphragm walls for tunnel boring [Weber et al. (2006)], slabs of parking structures 
[Benmokrane et al. (2004)], and most commonly, bridge decks [Bakis et al. (2001), Bank 
et al. (2005), and Bradberry (2001)].  Despite these examples, FRP reinforcement has not 
yet been used in structures with the aim of mitigating their dynamic response under 
service or extreme dynamic loads such as vibration control or seismic design 
applications, respectively (Harris et al. 1998).  The failure of FRP reinforcement to gain 
acceptance in such type of applications is attributed to their linear elastic behavior, which 
limits their ability to provide concrete structures with sufficient ductility or energy 
dissipation capability. (Benmokrane et al. 1995; Said and Nehdi 2004).  
Several researchers have attempted to address the shortcomings of FRP as 
reinforcement with a FRP reinforcing material known as hybrid FRP [Harris et al. 1998, 
Somboonsong et al. 1998, and Pastore et al. 1999].  Hybrid FRP is a composite which 
consists of a polymer matrix reinforced with several different types of conventional fibers 
with different moduli of elasticity and rupture strains.  The result of this combination of 
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different conventional fibers is a material with a ductile monotonic tensile stress-strain 
curve that contains an initially elastic portion followed by a low stiffness region.  
However, the ductility of this material is achieved by the rupture of the fiber 
reinforcement, thus the ductility is achieved through permanent damage. 
This thesis addresses the issue of ductility and energy dissipation in FRP 
reinforcement bars with the introduction of shape memory alloy-FRP (SMA-FRP).  
SMA-FRP is an innovative composite material that consists of a polymer matrix 
reinforced with small diameter superelastic shape memory alloy (SMA) wires with and 
without additional conventional fiber reinforcement.  It is proposed that with select 
reinforcement, the unique properties of SMA-FRP composites can be used to add 
ductility and energy dissipation to concrete structures primarily reinforced with FRP. 
 
1.2 THESIS OUTLINE 
 This thesis is divided into 8 chapters, including the introduction.  In Chapter 2 
literature related to FRP reinforcement bars and SMA composites is reviewed.  In 
Chapter 3 experimental tests of SMA-FRP coupons are discussed.  Based on this 
experimental work, an analytical model for the behavior of SMA-FRP is developed.  
Chapter 4 presents a parametric study of SMA-FRPs, which is used to investigate the 
effect of the composition of the SMA-FRP on its performance.  Chapter 5 begins the 
discussion of the effects of using SMA-FRP composite bars as reinforcement in concrete 
structures.  In this chapter an analytical study is performed at the section level with 
comparisons made between FRP and SMA-FRP reinforced sections made using moment-
curvature relationships.    In Chapter 6 SMA-FRP reinforcement in concrete structures is 
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evaluated at the substructure level with a cyclic analysis of reinforced concrete structures 
being performed in two case studies.  In these studies comparisons are once again made 
to structures reinforced only with FRPs.  In Chapter 7, SMA-FRP reinforcement is 
explored at the structural level with an incremental dynamic analysis of concrete frames 
reinforced with SMA-FRP in all beam plastic hinge zones.  Based on this work, 
conclusions made in regards to SMA-FRP bars are presented in Chapter 8. 
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CHAPTER 2:  
LITERATURE REVIEW 
 
2.1 FRP COMPOSITE BARS 
Fiber Reinforced Polymers (FRPs) are increasingly gaining popularity in the field 
of civil engineering.  Common applications for FRPs in civil engineering range from 
retrofitting structures with patches and wraps to structures made entirely with FRP 
members.  Another increasingly common application is internal FRP reinforcing bars for 
concrete structures.  FRP bars for this application consist of a polymer matrix material, 
typically epoxy, polyester, or vinylester, reinforced with conventional fibers.  Various 
different conventional fibers have been used in FRP bars, including E-glass, S-Glass, 
carbon, and aramid.  Table 2.1 lists some of the typical mechanical properties of these 
conventional fibers.  As one can see from this table, the reinforcing fibers have a wide 
range of modulus of elasticity and rupture strains; however, all these conventional fibers 
are similar in that their stress-strain behavior is linear elastic until rupture. 
 
Table 2.1:  Properties of conventional fibers used in FRP [Bank (2006), various 
manufacturers] 
 
Fiber Type Modulus of Elasticty (GPa)
Ultimate Strength 
(MPa)
Ultimate Strain 
(mm/mm)
E-Glass 68.9 1378 0.020
S-Glass 86.2 2586 0.030
Arimid 124.1 3723 0.030
Low Modulus Carbon 230.0 3790 0.016
High Modulus Carbon 370.0 3520 0.010  
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One of the processes that is commonly used in the manufacturing of FRP 
reinforcement bars is the pultrusion process.  The name pultrusion comes from the 
combination of the words "pull" and "extrusion".  This process begins by pulling multiple 
strands of conventional fibers from rovings.  Resin is then added to these strands by a 
resin bath or impregnation.  The strands and resin are then combined and run through a 
series of toolings, which help the composite form the desired shape.  The composite is 
then run through a heated metal die. This process can be augmented to allow for filler 
materials, as well as, exterior veils, treatments, and deformation [Strongwell Corporation 
(2009)].  A schematic of this process can be found in Figure 2.1.  Some of the benefits of 
this process include a high degree of automation, and the ability to manufacture 
composites with a wide range of shapes and lengths with little alteration to the machine.  
Pictures of rebars manufactured with the pultrusion process are seen in Figure 2.2.  The 
surface deformations and roughness seen on some of the rebars shown in this figure are 
designed to increase the bond between the rebar and concrete [Katz (1999)].  
 
 
Figure 2.1:  Schematic of the pultrusion process [Strongwell Corporation (2009)] 
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Figure 2.2:  FPR reinforcing bars manufactured by pultrusion [Katz (1999)] 
 
 When compared to traditional steel rebar, FRP rebars have numerous advantages.  
Some of the most prevalent of these advantages include high strength-to-weight ratio, 
magnetic invisibility, and high corrosion resistance [Bank, 2006].  Interest in exploiting 
the advantages of FRP rebar has lead to the implementation of FRP reinforcement in a 
multitude of different concrete structures, these including, diaphragm walls for tunnel 
boring (Weber et al. 2006) and slabs of parking structures (Benmokrane et al. 2004).  
However, today the most common use of FRP reinforcement is in bridge decks (Bank et 
al. 2005; Bradberry 2001; Bakis et al. 2001).  One reason for the relative popularity of 
FRP reinforcement of bridge decks is extreme environmental conditions some bridges are 
subjected to.  Because of the environmental challenges, these bridges stand to benefit 
more from the corrosion resistance provided by the FRP reinforcement.  An example of 
FRP reinforcement used in the construction of a reinforced concrete bridge deck is seen 
in Figure 2.3, which shows the Morristown Bridge under construction in Vermont. 
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Figure 2.3:  FRP reinforced bridge deck under construction in Vermont [Benmokrane et 
al. (2006)] 
 
Despite these examples, FRP reinforcement has not yet been used in structures 
with the aim of mitigating their dynamic response under service or extreme dynamic 
loads such as vibration control or seismic design applications, respectively (Harris et al. 
1998).  The failure of FRP reinforcement to gain acceptance in such type of applications 
is attributed to their linear elastic behavior, which limits their ability to provide concrete 
structures with sufficient ductility or energy dissipation capability (Benmokrane et al. 
1995).  An example of this is found in a study that compared the behavior of FRP and 
steel reinforced beam-column joint subassemblages [Said and Nehdi (2004)].  In this 
study, beam-column joint subassemblages reinforced steel and FRP were subjected to a 
cyclic beam-column tip displacement loading  The resulting load deformation results 
from the steel reinforced and FRP reinforced specimens are found in Figure 2.4.  As 
discussed above, this figure shows that the FPR reinforced joint did not show the ductility 
or energy dissipation, denoted by wide hysteretic loops, that was seen in the steel 
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reinforced specimen.  This study suggested that the reason for this is the non-ductile 
nature of the FRP reinforcement. 
 
(a) 
 
(b) 
Figure 2.4:  Load-deformation results from a test of a beam-column joint specimen 
subjected to cyclic beam tip deflection (a) steel reinforced  (b) FRP reinforced [Said and 
Nehdi (2004)] 
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Several researchers, (Harris et al. 1998; Somboonsong et al. 1998; Pastore et al. 
1999), have attempted to address this concern by developing a ductile reinforcing 
material with FRPs.  The result of this research is a composite reinforcement, which is 
commonly referred to as hybrid FRP.  This hybrid FRP is manufactured in a process 
closely related to pultrusion and is composed of several different reinforcing fibers that 
have different rupture strains and modulus of elasticity.  Figure 2.5 shows a schematic 
view of a hybrid FRP bar and how the different reinforcing materials are braided together 
in the composite.  The combination of these fibers allows the hybrid FRP to exhibit a 
ductile monotonic stress-strain relationship with a low stiffness region after an initial 
linear elastic period.  This monotonic ductile behavior is exhibited in Figure 2.6, which 
shows the resulting stress-strain behavior from tensile tests of hybrid FRP bars.  The 
shortcoming of this reinforcement material is that ductility is achieved through permanent 
damage to the reinforcement; this is indicated in the stress-strain relationship by the drops 
in capacity of the bar due to the rupture of some of the reinforcing material.    Although a 
different damage mechanism is used, this is quite similar to steel reinforcement, which 
achieves ductility also through permanent plastic deformations. 
This thesis addresses the shortcomings of FRP and hybrid- FRP reinforcing bar, 
in regard to ductility and energy dissipation, with the introduction of shape memory alloy 
composite referred to as SMA-FRP.  SMA-FRP is an innovative composite material that 
consists of a polymer matrix reinforced with small diameter superelastic shape memory 
alloy (SMA) wires with and without additional conventional fiber reinforcement.  
Accordingly, a thorough review of both SMAs and SMA composites is presented next. 
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Figure 2.5:  Schematic view of the composition of a hybrid FRP bar [Somboonsong et al. 
(1998)] 
 
 
Figure 2.6:  Monotonic stress-strain curve from tensile tests of hybrid FRP bars [Harris 
et al. (1998)] 
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2.2  SHAPE MEMORY ALLOYS 
 Shape memory alloys (SMAs) are metallic alloys that display two unique 
qualities, shape memory effect and superelasticity, both of which are related to the 
material phase of the SMA [Lagoudas (2008)].   The material phase of the alloy is 
dependent on temperature; consequently, the temperature of the SMA has a great effect 
on its mechanical properties.  At relatively high temperatures, the alloy is in an austenite 
phase while at relatively low temperatures, it is in a martensite phase [Brinson (1993)].  
The four transformation temperatures that define the SMA’s transformation from one 
phase to the other are fM , sM , sA , and fA , which are the martensite finish temperature, 
martensite start temperature, austenite start temperature, and the austenite finish 
temperature, respectively.  The relationship between these transformation temperatures 
can be seen in Figure 2.7.  As an example of the temperature dependency of the SMAs is 
best illustrated with an example; this example can be followed with Figure 2.7.  If  a 
100% martensite SMA was heated it would begin martensite to austenite phase 
transformation when the alloy reaches sA  and finish transformation to 100% austenite 
when the alloy reaches fA .  Additionally, if the SMA in this example was then cooled, 
reversed transformation would start at sM  and the transformation back to 100% 
martensite would be completed when the alloy reaches fM .  
In addition to temperature induced phase changes, SMAs can undergo phase 
change due to changes in mechanical stress.  For example, an increase in mechanical 
stress in an austenite SMA can lead to a phase change to martensite.   Figure 2.7 also 
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shows the generalized mechanical stress relationship for SMAs.  In this figure, MAfσ , 
MAsσ , AMsσ , and AMfσ  are the martensite to austenite finish stress, martensite to austenite 
start stress, austenite to martensite start stress, and the austenite to martensite finish 
stress.  As one can see from this figure, these stresses are dependent on the temperature of 
the SMA. 
 
 
Figure 2.7: SMA phase dependency on temperature and mechanical stress 
 
 
2.2.1 Shape Memory Effect 
When martensite SMAs are strained beyond their elastic point a residual strain 
results when the stress is relieved; however, when the temperature of the alloy is raised 
above fA , this strain is recovered. This phenomenon is known as the shape memory 
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effect (SME) and it can be used to recover, with negligible residual deformation, strains 
up to 8%.  Figure 2.8 shows the stress-strain curve of a SMA that undergoes the SME 
after residual strains are accumulated.  Additionally, if strain recovery due to the SME is 
restrained, recovery stresses up to 800MPa can be generated [Vokoun and Stalmans 
(1999)].  A large amount of research has been done in the field of SMAs on the SME.  
Some of the application that has been proposed and discussed include prestressing of 
concrete structures [Maji and Negret (1998)], deployment arterial stents used in human 
arteries [Kuribayashi et al. (2006)], and self deploying space structures [Todoroki et al. 
(2009)], among others.   
 
 
Figure 2.8:  Stress-strain curve for SMA exhibiting the SME 
 
2.2.2 Superelasticity 
The other unique property of SMAs is called superelastity.  This property 
describes how SMAs at temperatures above fA  can be strained, up to approximately 8%, 
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and when unloaded (with no temperature change) return to a position with no residual 
strain.  The typical flag shaped hysteresis of superelastic SMAs is found in Figure 2.9.  In 
this figure the transformation stresses corresponding to phase transformation are shown.  
From this figure, one can see that superelastic SMAs exhibit energy dissipation through 
hysteretic area without residual strain or damage to the material.  Additionally, one can 
see that when loading, the stiffness of the composite is dramatically decreased during 
phase transformation.  This decrease in stiffness has been compared to the yielding of 
steel.     
  
Figure 2.9: Stress-strain hystersis for superelastic SMA 
 
2.2.3 Shape Memory Alloy Training 
In practice, a superelastic SMA hysteric curve without any residual displacement, 
as seen in Figure 2.2, can only be achieved with trained SMAs.  Trained SMAs are SMAs 
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that have undergone a process in which they experience numerous cycles of stress 
induced phase change.   During cycles of stress induced phase change on a virgin 
superelastic shape memory alloy residual martensite is formed [Naito et al. 2001].  
Residual martensite can be seen of the surface of an austenite SMA in Figure 2.10.  One 
of the effects of the presence of the residual martensite is residual displacement.  As the 
number of cycles is increased, residual displacements due to the formation of residual 
martensite continue to grow, but at a decreased rate.  Eventually, a stable behavior is 
reached and the alloy exhibits no additional residual displacements.   
 
Figure 2.10:  Surface of an austenite SMA with patches of residual martensite [Miller 
and Lagoudas (2000)] 
 
An example of the progression of the SMA’s stress-strain relationship during the 
training process is seen in Figure 2.3.  In this figure the stress-strain relationship is seen at 
multiple points during training and the number of cycle of stress the SMA has been 
subjected to is denoted by N.  This figure illustrates the above discussion; a SMA during 
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training will accumulate a large amount of residual displacement in the first cycles, but 
the amount of additional residual displacement accumulated decreases as the number of 
cycles increases.  One can also see that due to the presence of the residual martensite, the 
SMA’s transformation stress is lowered in this training process.  While a lowered 
transformation stress may be a disadvantage in some cases, the benefits of a repeatable 
stress strain relationship outweigh this disadvantage in most cases [McCormick et al. 
(2005)]. 
 
Figure 2.11:  Example stress-strain behavior during SMA training over N cycles 
 
Other training techniques can be used to achieve an SMA that exhibits the two 
way shape memory effect (TWSME), which is defined to be the ability of a SMA to 
memorize a shape at low temperatures and a different shape at high temperatures and 
repeatedly transition between the two when heated or cooled [Perinkins (1974)].  An 
example of the TWSME is seen in Figure 2.12, which shows the displacement hysteresis 
 17
due to temperature changes of an SMA wire exhibiting the TWSME.  The different 
techniques that have been shown to result in a SMA with the TWSME include cycles of 
mechanical deformation, cycles of thermal loading, and cycles combining both thermal 
and mechanical loading [Perinkins (1974), Hebda et al. (1995), Huang and Toh (2000), 
Lui et al. (1999)]. 
 
 
Figure 2.12:  Hystersis of a wire exhibiting the TWSME [Hebda and White (1995)] 
 
 
2.2.4 Modeling of SMAs  
SMAs and SMA composites will be analytically modeled in this thesis; therefore, 
it is important to investigate how SMAs have been modeled.  One of the first thermo-
mechanical models of SMAs was developed by Muller (1979).  This model was based on 
potential energy principles.  Tanaka and Nagaki (1982) expanded this model by 
considering the temperature and stress effect on the potential energy.  This model was 
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useful in describing both the SME and superelasticity.   This model was again further 
expanded by Niezgodka and Sprekels (1986) and Hoffmann and Zheng (1986) who 
considered the dynamic response of the alloy.  Unfortunately, these models proved to be 
impractical for design because they were based on thermo-mechanical parameters that are 
extremely difficult to obtain.   
 
 
Figure 2.13:  Numerial example of superelastity in Brinson’s thermo-mechanical model 
[Brinson (1993)] 
 
Based on the work by Niezgodka and Sprekels, as well as the rate form of the 
constitutive equation proposed by Tanaka and Nagaki, Liang and Rogers (1990) went on 
to develop a thermo-mechanical model focused on the SME.  This model has the 
advantage of being based on the simplest possible material constants, thus making it more 
practical.  Brinson (1993) then went on to expand this model to better capture 
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superelasticity.  Figure 2.13 shows one of the numerical examples presented in Brinson ‘s 
paper.  In this figure one can see a representation of the ability of Brinson’s thermo-
mechanical model to change its superelastic response in relation to the temperature.  The 
SMA thermo-mechanical model used in SMA composites was studied by Zak et al. 
(2003), who compared the uniaxial version of several models. This study found that the 
Brinson model performed well and recommend its use when modeling superelastic SMAs 
in composites. 
 
2.2.5 Nickel Titanium and SMA applications 
There are many different alloys that are classified as SMAs, but the most amount 
of research has focused on an alloy that consists of nearly equal parts, by weight, nickel 
and titanium known as NiTi.  NiTi was patented in 1965 by Bueler and Wiley, who 
discovered it through their research at the Naval Ordinance Laboratory [Bueler and Wiley 
(1965)].  Another common name for NiTi is Nitinol, which comes from the combination 
of NiTi and the abbreviation for the Naval Ordinance Laboratory, NOL.  NiTi is 
considered by many as the most favorable SMA for most structural applications because 
of its excellent superelastic properties, lower sensitivity to temperature changes, excellent 
corrosion resistance, and high resistance to fatigue [Dolce and Cardone (2006)].  Table 
2.1 provides a comparison of the properties of NiTi and other SMAs in the austenite 
phase.  This table demonstrates the superiority of NITi to other alloys with a higher 
available range of yield and ultimate strengths available as well as better performance in 
terms of the failure elongation and amount of recoverable strain.  Additionally, from this 
table it is seen that the properties of NiTi SMAs can vary greatly.  These variations are 
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often the result of small changes to the SMA, such as slight shift in the Ni/Ti ratio or 
seemingly minor modifications to the manufacturing process.  This sensitivity makes 
careful planning necessary to choose the SMA that is optimal for a given application. 
 
Table 2.2: Comparison of the properties of NiTi and other SMAs in austenite phase 
[Janke et al. (2005)]  
 
Property Unit Ni-Ti Cu-Zn-Al Cu-Al-Ni Fe-Mn-Si-Cr
Young's Modulus GPa 70-98 70-100 80-100 140
Yield Strength MPa 100-800 150-350 150-300 200
Ult. Tensile Strength MPa 800-1500 400-900 500-1200 650
Elongation at Failure %  15 - 20  10 - 15  8 - 10 29
Recoverable Strain % 8 3.5 2 3.4   
 
Traditionally, SMAs have been used almost exclusively in high-end fields, such 
as the aerospace and biomedical industries.  One reason for the slow development of civil 
engineering applications is that SMAs have historically been rather expensive. This is 
particularly true for NiTi, which is one of the most expensive SMAs.  Consequently, low 
cost Cu and Fe based SMAs, such as those seen in Table 2.2, have gained some interest, 
despite their inferior performance.  With increased overall popularity and streamlined 
production, the cost of SMAs has and will continue to drop, which will continue to 
increase the market for new applications [DesRoches and Smith (2004)].  Partially due to 
this decrease in cost, there has been an increase in research in the past decade into the 
civil engineering applications with SMAs.  Some of these applications include, energy 
dissipating braces [Janke et al. (2005)], bridge restrainers [Andrawes and DesRoches 
(2007)] and deflection mitigation concrete beams through the use of embedded 
prestrianed SMAs [Li and Liu (2006)].  Additionally, the high cost of SMAs is one of the 
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motivating factors for research in the field of SMA composites, including this thesis since 
SMA composites can be used to exploit the beneficial properties of SMA with a reduced 
amount of SMAs and cost. 
  
2.3  SMA COMPOSITES  
SMA composites are a material type that is composed of polymeric matrix material 
reinforced with SMAs with or without additional conventional fibers.  Figure 2.14 shows 
a schematic of a typical SMA composite.  The polymer matrix materials that have been 
studied in SMA composites include epoxy, polyester, and vinylester.  Some of the first 
research involving SMA composites was performed by Roger and colleagues at Virgina 
Tech in the late 1980s and early 1990s [Rogers (1990); Rogers et al. (1991); and Paine 
and Rogers (1994)].  Their research focused mainly on vibration control of a composite 
with embedded SMA wires.  Since this initial research into SMA composites, a wide 
variety of polymer matrix SMA composites have been studied, including a great deal of 
research on SMA composites that utilize SMA wires.  Although wires are most prevalent 
reinforcement type, SMA ribbons, foils, fibers, and particles have also been studied as 
composite reinforcement [Jonnalagadda et al. (1998), Wei et al. (1998), Zhang and Ni 
(2007)]. There are multiple different reinforcing materials that have been studied to be 
used as reinforcement with SMAs in composites, most of which are conventional fibers, 
such as carbon, aramid, and glass fibers.  
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Figure 2.14:  Schematic view of a typical SMA composite [Hebda et al. (1995)] 
 
2.3.1 Manufacturing of SMA Composites 
The manufacturing process of SMA composites varies considerably due to the 
different types of matrices, SMA reinforcement, additional reinforcing materials, and the 
intended usage of the composite.  Differences also arise due to the fact that most SMA 
composites are now created in the research environment where standardized 
manufacturing techniques for particular SMA composite may not be established or 
utilized.  A review of SMA composite manufacturing processes can be used to identify 
common techniques and challenges that arisen.   
One common manufacturing technique for SMA composites was discussed by 
Pappada et al. (2008).  In this paper the manufacture of an SMA composite used for 
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impact resistance was discussed.  The SMA composites in this paper consisted of a 
vinylester resin reinforced with superelastic SMA wires and glass or carbon fabric.  To 
manufacture these composites, specialized frames were built to secure the SMA wires 
and ensure correct wire spacing.   Sheets of fabric reinforcement were then placed 
between the layers of SMA reinforcement and the process was repeated until the 
composite had a total of 4 layers of SMA wire reinforcement.  To create a composite 
between these two reinforcing materials vinylester resin was added using vacuum 
assisted infusion. 
The above manufacturing technique is similar to a common manufacturing 
technique for SMA composites utilizing the shape memory effect, which was discussed 
by Michaud et al. (2002).  In their paper they discussed, in detail, the manufacturing of an 
SMA-FRP composite that consisted of an epoxy matrix reinforced with prestrained SMA 
wires and Kevlar fibers that was used for vibration control.  The prestrain in the SMA 
wires required the use of a device to apply and hold the desired prestaining throughout 
the manufacturing process.  Without a device to hold the prestrain in the wires, the 
prestraining would be released due to heat during the manufacturing and the result would 
be a SMA composite without prestraining.   Figure 2.15 shows similar frame used by 
Sittner and Stalmans to apply this prestrain.  Once the prestraining was applied to the 
SMA wires, epoxy Kevlar prepregs were then sandwiched between the SMA wires.  The 
assemblage was then cured at 70°C for 12 hours and post cured at 140°C for up to 4 
hours in an autoclave under vacuum.  Once the post curing was finished and the sample 
was cool, the SMA composite was removed from the frame and was ready for use.  A 
microscopic cross-section of the finished SMA composite is seen in Figure 2.16. 
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Figure 2.15:  Frame used to prestrain SMA wires during the manufacturing of a SMA 
composite [Sittner and Stalmans (2000)] 
 
 
Figure 2.16:  Cross-section of an SMA composite [Michaud et al. (2002)] 
 
Some of the early research on SMA composites produced poor results; especially 
when vacuum cure techniques were not utilized [Hebda et al. (1995)].  These poor results 
have often been attributed to poor interfacial bonding of the SMA wires Xu et al. (2002), 
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which is thought to occur because voids in the composite have been observed to 
congregate near the SMA wires.  This problem and, specifically, the void content of a 
SMA composite in relationship to the position of the SMA wires was studied by Hebda et 
al. (1995).  The SMA composite in this study consisted of graphite/epoxy laminates with 
0.2mm SMA wires.  This composite was vacuum bagged and cured in an autoclave for a 
total of 5 hours with the maximum temperature of 177°C.  Figure 2.17 shows the void 
content of the SMA composite in relation to the position of the SMA wires.  From this 
figure one can see that the void content increases dramatically near the wires.  In this 
composite the maximum void content near the wires was approximately 31%, while the 
average void content of the composite was only 7.3% 
 
Figure 2.17:  Void content of an SMA composite relative to the position of the SMA 
wires [Hebda et al. (1995)] 
 
Xu et al. (2002) investigated using small diameter SMA wires to improve the 
interfacial bonding in SMA composites with the study of a composite reinforced with 
ultrathin, 50 μm diameter, SMA wires and carbon fibers.  From this study it was found 
that the use of ultrathin SMA wires nearly eliminated voids near the SMA wires when 
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conventional reinforcement in the composite ran parallel to the wires and greatly reduced 
voids when the reinforcement ran perpendicular to them.  This is demonstrated in Figure 
2.18 which shows cross-sections from SMA composites with 50 μm diameter SMA wire 
reinforcement.  In this figure the SMA composite with SMA wires and carbon fibers 
oriented in the same direction has virtually no visible voids, while the composite with 
SMA wires and carbon fibers orientated in opposite directions has some visible voids.  
Surface treatments designed to increase the interfacial bonding of the SMAs in the 
composite were studied by Jonnalagadda et al. (1997) and Smith (2004).  Jonnalagadda 
investigated three possible techniques for increasing the interfacial bond strength of 
embedded SMA wires: sand blasting, acid etching, and hand sanding.  From this study it 
was found that sand blasting significantly improved the bond shear strength, while both 
acid etching and hand sanding lead to decreases in bond shear strength. 
 
 
(a) 
 
Figure 2.18:  Cross-sections of SMA-FRP composites (a) carbon fibers and SMA wires 
orientated in the same direction (b) carbon fibers and SMA wires orientated in 
perpendicular directions [Xu et al. (2002)] 
 
 27
 
(b) 
 
Figure 2.18 (cont.) 
 
While the above manufacturing techniques are all designed for SMA composites 
with continuous pieces of SMA reinforcement, such as wires, some SMA composites 
utilize many discrete pieces of SMAs.  Zhang and Ni  (2007) detailed a process used to 
manufacture a SMA composite that consisted of an epoxy matrix reinforced with either 
small SMA particles (diameter ≈ 425 μm) or short SMA fibers (length = 1.5-2 mm).   In 
this process the SMA reinforcing material combined with the epoxy resin and vacuum 
dried for 20 minutes.  After drying, the mixture was then poured into molds and cured at 
room temperature for 24 hours.  Finally, the composite was heated to 140°C over a period 
of 10 hours and the SMA composite layer was bonded to a bulk epoxy layer.  The SMA 
content of the specimens varied from 1% to 27.4%, by weight.  Figure 2.19 shows some 
of the small particle and short fiber SMA composites manufactured with this process. 
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(a)     (b) 
 
(c)     (d) 
 
Figure 2.19:  Short fiber and small particle SMA composites 
a) 5.1 wt% small particle SMA composite    b) 27.4 wt% small particle SMA composite 
c) 5.1 wt% short fiber SMA composite    d) 27.4 wt% short fiber SMA composite 
[Zhang and Ni  (2007)] 
 
2.3.2 SMA Composite Applications 
 There are numerous applications for SMA composites that have been proposed.  
These include active and passive vibration control, self-healing composites, actuation, 
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and impact damage resistance.  Most of the composites used for these applications are 
designed to exploit the SMA’s shape memory effect or superelasticity. 
 
Vibration Control 
Vibration control of composites using embedded SMA wire was one of the first 
applications researched for SMA composites.  Since that time many papers, including 
Baz et al. (1990), Rogers (1990), Rogers et al. (1991), and Lau (2002), have been 
published on the subject.  There are two main types of vibration control with SMA 
composites: active and passive control.  Passive vibration control with SMA composites 
was demonstrated by Lau 2002.  In this paper, it was shown that the addition of SMAs 
into a composite was able to change the natural frequency of the composite and that the 
natural frequency can be further changed by prestraining the SMAs in the composite.  
Additionally, this paper showed that the addition of SMAs into a composite can affect the 
damping ratio of the composite.  This is shown in Figure 2.20 which details the damping 
ratio of an SMA composite in relation to the applied constant current in the embedded 
SMA wires [Lau (2002)].  The specimens in this test were SMA composite beams that 
contained martensitic SMA wires that were prestrained to 4%.  When tested, the beams 
had fixed-fixed boundary conditions.  From Figure 2.20 one can see that the higher 
constant voltage levels had the effect of increasing the damping ratio due to the phase 
transformation of the SMAs into austenite.    
On the other hand, active control with SMA composites generally involves a 
control program designed to activate the SME in a way that reduces vibrations.  An 
example of this is the SMA composite developed for active control by Baz et al. (1990).  
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This composite consisted of two SMA actuators combined with a flexible beam.  The 
SMA actuators were used to actively damp out vibrations by using a control program to 
activate the SME in either actuator.  An example of the results from this study are seen in 
Figure 2.21, which compares controlled and uncontrolled displacement response of the 
SMA composite beams subjected to a stepped tip displacement.  As one can see from this 
figure, the actively controlled SMA composite was able to damp out the vibrations faster 
than the uncontrolled specimen. 
 
Figure 2.20:  The damping ratio of an SMA composite in relation to the current in the 
embedded SMA wires [Lau (2002)] 
 
(a)
 
Figure 2.21:  The response of SMA composite beams subjected to a stepped tip 
displacement (a) uncontrolled  (b) actively controlled [Baz et al. (1990)] 
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(b)
 
Figure 2.21 (cont.) 
 
Self Healing SMA Composite 
Burton and Gao (2006) and Hamada et al. (2003), among other researchers have 
explored exploiting the SME in order to create a composite that has self healing 
properties.  The research by Burton et al. consisted of exploring self-healing SMA 
composites with a series of finite element simulations. The SMA composite was modeled 
with one dimensional SMA wires contained within a multidimensional brittle 
elastoplastic metal matrix.  The member was tested in axial tension with and with out an 
initial notch in the matrix perpendicular to the load.  When the composite was modeled 
with an initial notch this tensile load caused the notch to propagate into a crack.  With the 
matrix material cracked in the simulation, the composite was heated and the SME of the 
SMA reinforcement was used to close the crack.  Additionally, the matrix softening at 
higher temperature allowed the crack to fully close at the high temperatures needed to 
activate the shape memory effect.  Without this softening, the matrix would contain 
residual stress.  The results of this study showed that the recovery force of the 
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composite’s SMA reinforcement was capable of closing cracks in the composite.  Figure 
2.4 shows a diagram of the crack propagation and closure. 
 
Figure 2.22: Crack propagation and healing of an SMA composite  
[Burton and Gao (2006)] 
 
 
Figure 2.23:  Schematic drawing of how a SMA composite could be applied to help 
close a crack in a structure [Wang (2002)] 
 
Another type of SMA composite that uses the SME to repair a structure was 
studied by Wang (2002).  This composite consisted of prestrained SMA wires embedded 
in a sheet of matrix material, with or without additional fiber reinforcement.  These sheets 
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were designed to be bonded with an adhesive to areas in need of repair, such as a crack in 
a plate.  Once bonded, the composite would be heated and the SME would be activated 
allowing the composite to repair the damage area.  Figure 2.23 shows a schematic 
drawing of how a SMA composite patch could be applied to a structure to help repair a 
crack. 
 
Actuation 
The ability of an SMA to recover a great amount of residual strains through the 
SME has inspired researches to look for ways to utilize SMA composites to create 
actuators.  There have been two main ways that have been proposed to created SMA 
composites that actuate, the first is through the use of one-way SME, and the second 
utilizes TWSME.  The shape memory effect of SMAs alone has been discounted by some 
as not a viable actuator [Cho and Kim (2005)].  The reason for this is that the shape 
memory effect provides only one-way actuation; once the memorized shape is recovered 
the SMA can not automatically assume any other shape. SMA composites, however, can 
be designed to be two-way actuators.  One method for enabling an SMA composite to 
become a two-way actuator, is to design an elastic base matrix material such that its glass 
transition temperature, gT , is between the SMA transformation temperatures sM  and sA .  
This is significant because at temperatures above gT , the matrix material will have a 
dramatic reduction in stiffness.  With this requirement fulfilled the SMA composite can 
acquire two shapes in a repeatable fashion.  In this process, the first shape is acquired 
when the SMA composite is heated up past fA .  This corresponds to a temperature 
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above, gT ; consequently, the epoxy decreases in stiffness and allows the SMA to recover 
a bent up shape.  When cooled, the matrix stiffened in this shape, thus helping to 
maintain it.  The second shape is acquired when the SMA composite is heated past gT  
but below sA .  When this occurs the SMA relaxes and the epoxy lets the composite 
acquire and keep a nearly flat shape when the temperature is lowered.  Figure 2.24 shows 
an example of a two-way SMA composite actuator researched by Sterzla et al. (2003).  
This figure shows the evolution of the SMA composite’s shape with temperature 
changes.  Additionally, Figure 2.25 shows the two stable shapes of this type of two way 
SMA composite actuator. 
 
  
Figure 2.24: SMA composite demonstrating two-way actuation [Sterzla et al. (2003)] 
 
Another type of SMA composite actuator was discussed by Hebda et al. (1995).  
The SMA composite in this study consisted of SMA wires embedded in an epoxy matrix 
with graphite fibers.  Prior to embedment in the composite, the SMAs were trained to 
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exhibit the TWSME; therefore, the SMA composite was able to display two-way 
actuation when heated then allowed to cool.  Additionally, by using SMAs that were 
trained for the TWSME, the need to prestrain the SMAs in the composite was eliminated.  
This resulted in a much less complex manufacturing process.  The composites created in 
this study showed good ability to actuate, due to up to 4% strain recovery in the SMA 
embedded in the composite. 
 
 
Figure 2.25:  Two-way actuating SMA composite (a) shape after high temperature cycle 
(b) shape after low temperature cycle [Winzek et al. (2004)] 
 
SMA Composite for Impact Damage Resistance 
SMA composites have also been studied for applications in extreme loading 
situations.  Several researches, including Tsoi et al. (2002), Pappada et al (2008), and 
Paine and Rodgers (1994) Paine and Rodgers (1995) have studied the embedment of 
SMA wires into an FRP composite to create an SMA composite with better capacity for 
mitigating the effect of an impact.  In the study by Paine and Rodgers (1995) the impact 
damage resistance of SMA composites was studied at both low and high velocities.  The 
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SMA composite samples used for this study were composites of epoxy and layers of 
graphite or fiberglass reinforcement each with an exterior layer of NiTi SMA wires and 
epoxy bonded to one face (see Figure 2.26 for a schematic of the specimens).   
Comparisons were made to the performance of graphite and epoxy reinforced composites 
with an exterior layer of aluminum wires and epoxy on one face, as well as graphite or 
fiberglass composites that do not have an additional layer of wire and epoxy.  From this 
study it was found that the SMA composite energy required for an impact to cause 
perforation of the composite was increased by up to 100% compared to conventionally 
reinforced specimens.  This increase in perforation energy due to the addition of SMA 
wires was also observed to increase with increased speed of the impact.  Additionally, 
this study discounted the possibility that such increases could be obtained by embedding 
any type of metallic wire in the composite, which was shown by comparison of 
perforation energy of the aluminum wire reinforced composite and conventional 
composite, where almost no increase is observed.  A sample of the result of this study is 
seen in Figure 2.27 where the energy dissipated in high velocity impact testing is 
presented.  In this figure the first bar for each composite type shows the amount of energy 
dissipated, while the second and third bars show the volume and density normalized 
values, respectively.  As discussed above, this figure shows the superiority of SMA 
composites in dissipating impact energy when compared to conventional FRP composites 
and aluminum wire reinforced composites. 
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Figure 2.26:  SMA composite specimens created for impact testing [Paine and Rodgers 
(1995)] 
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Kevlar-Graphite Hybrid
Volume Normalized
Density Normalized
 
 
Figure 2.27:  Energy dissipated in high velocity impact testing of various composite 
sheets [Paine and Rodgers (1995) figure annotated for clarity] 
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CHAPTER 3:  
SMA-FRP COMPOSITES EXPERIMENTAL TESTING AND MODELING 
 
The constitutive behavior of SMA-FRP composites was examined in this chapter 
and compared with that of conventional FRP composites. In this chapter experimental 
tests conducted on coupons made of SMA-FRP and Glass-FRP (GFRP) composites are 
presented.  The experimental results are used as a basis for a phenomenological model 
that was developed to describe the behavior of SMA-FRP composites.  This model is 
then extended so that the effect of prestraining of the SMA wires in the composite could 
be studied. 
 
3.1 MANUFACTURING AND TESTING PROCEDURES 
The SMA-FRP coupons used in this study were manufactured by laying out 
sheets of bidirectional fiberglass cloth, saturating the E-Glass fiber cloth with epoxy 
resin, and running 0.5 mm diameter superelastic SMA wire in between layers of the 
fiberglass cloth with the wires orientated along one of the primary directions of the fibers.  
The number of SMA wires used in the composite was designed to create coupons with 
fiberglass to SMA ratios of 100/0 (GFRP) and 75/25 (SMA-FRP), by volume.  After 
curing at room temperature for more than 24 hours, 250 mm long by 15 mm wide 
coupons were cut out of the sheet.  The coupons were cut such that the SMA wires were 
orientated longitudinally down the length of the coupons.  To prevent failure of the 
specimen at the point of contact with the load frame’s grips, 56 mm long hard plastic tabs 
were attached with epoxy to the coupon’s both ends.  The geometry of the specimens and 
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tabs were prepared according to the specifications laid out in ASTM specification D3039 
(ASTM 2008).  Figure 3.1 shows the SMA-FRP and GFRP coupons used in the tests and 
Figure 3.1 shows a schematic of an SMA-FRP coupon.  The coupons were tested in 
tension quasi-statically in cycles using an 89 kN uniaxial servo-controlled hydraulic 
frame.  The test setup for these coupons is seen in Figure 3.3.  Testing of the samples 
consisted of cycles of tensile strain where the maximum strain was increased by 0.5% 
each cycle. In addition, the SMA wires used in the tests were first tested on a smaller 
scale machine to determine their constitutive behavior. 
 
 
Figure 3.1:  FRP composite coupons used in the study (a) GFRP (b) SMA-FRP. 
 
 
Figure 3.2: Schematic drawing of an SMA-FRP coupon  
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Figure 3.3:  SMA-FRP coupon in testing frame with extensometer attached 
 
 
3.2 RESULTS AND DISCUSSION  
Figure 3.4 presents the results of the tests conducted on GFRP, SMA-FRP, and 
SMA wires. The GFRP behavior depicted in Figure 3.4a was linear elastic with an 
average modulus of elasticity and failure strain of 21 GPa and 1.7%, respectively. The 
SMA wires stress-strain behavior shown in Figure 3.4b confirms the flag-shape typical of 
superelastic SMAs. The austenite to martensite starting transformation stress is roughly 
600 MPa and the strain at which stress transformation occurs is about 1%. 
Figure 3.4c shows the stress-strain behavior of the tested SMA-FRP.  The 
response of the SMA-FRP is linear elastic until approximately 1.0% strain.  At this point 
SMA phase transformation initiates.  The stiffness of the coupon after this point 
decreases due to the reduction in the SMAs modulus during phase transformation (see 
Figure 3.4b).  When the SMA-FRP was loaded cyclically within strain levels below the 
fiberglass ultimate strain, the composite exhibited a capability to dissipate energy, which 
is evident by the hysteretic area enclosed within the stress-strain curve. 
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Figure 3.4:  Experimental stress-strain curves of 
(a) GRFP coupon (b) SMA wires (c) SMA-FRP coupon. 
 
 In the cycles leading up to the rupture of the glass fibers, the amount of energy the 
SMA-FRP composite dissipated through hysteretic area was 2.6 times larger than the 
amount of energy dissipated by the GFRP composite.  When the average strain in the 
composite reached 1.63% the fiberglass and epoxy matrix of the composite ruptured, 
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which resulted in a significant loss of capacity without failure due to the still intact SMA 
wires.  After this point, the behavior of the composite was dominated by the SMAs and 
further cyclical loading of the specimen produced large amount of energy dissipation due 
to the hysteretic behavior of the SMA.   The specimen was strained until about 3.8%, at 
which the test was stopped.  Due to the great strain capacity of SMAs, failure of the 
specimen was not observed.    
As one can reason from the test results presented, the amount of energy that can 
be dissipated before the rupture of the fiber reinforcement is dependent on the difference 
in the strain at which the rupture of the fiberglass reinforcement occurs and the strain that 
SMA phase transformation begins.  The larger this difference, the greater potential for 
energy to be dissipated before fiberglass ruptures.  Consequently, more energy 
dissipation would be observed in the SMA-FRP coupons if the fiberglass in the 
composite ruptured at a higher level of strain.   
From Figure 3.4c it can be seen that residual displacement accumulated during the 
test of the SMA-FRP composite.  This residual displacement is undesirable since it 
reduces the ability of the composite to remain elastic. A major component of the residual 
displacement is likely due to the fact that the SMA wires were untrained. Training of 
SMAs wires similar to those used in the SMA-FRP composite coupons was performed; 
the stress-strain result from this test is seen in Figure 3.5.  In this figure one can see that 
after 10 cycles of training, a repeatable stress-strain has been obtained. Additionally, it 
can be seen that a substantial amount of residual strain of approximately 1.6%, has 
accumulated in those 10 cycles.  Consequently, it can be concluded that with the use of 
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trained SMAs much of the residual displacement observed in the SMA-FRP coupon tests 
could be eliminated. 
 
 
Figure 3.5:  SMA stress-strain curve from 10 cycles of training. 
 
3.3 ANALYTICAL MODEL 
In order to further explore the behavior of SMA-FRP composites, a simplified analytical 
model was developed using the software MATLAB.  In this model the SMA-FRP 
composite is represented by 3 parallel springs, which have material properties 
corresponding to the epoxy matrix, fiber reinforcement, and SMA reinforcement.  This 
model does not take into account length effects and instabilities, such as buckling or 
material defects such as the existence of voids in the composite.  The model was analyzed 
cyclically in tension in a manner similar to the experimental test procedure.  To account 
for the changes in the stress-strain properties of the initially untrained SMA due the 
cyclic loading, the SMA properties were updated after the rupture of the conventional 
fibers to match the trained SMA experimental results shown in Figure 3.5. To verify the 
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accuracy of the analytical model, the analytical and experimental results were depicted in 
Figure 3.6.  The figure indicated that the analytical model is capable of closely predicting 
the initial stiffness, rupture stress and strain, and the post-rupture behavior.  Given the 
demonstrated accuracy of this model, it will be used to perform a parametric study of the 
behavior of SMA-FRP in a subsequent section of this thesis. 
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Figure 3.6:  Experiment and analytical comparison of SMA-FRP stress-strain behaviors. 
 
3.4 PRESTRAINED SMA-FRP COMPOSITES 
One of the techniques that has been studied analytically to enhance the ductility 
and damping characteristics of the SMA-FRP composite is through the prestraining of the 
SMA wires.  Prestraining of the SMAs is beneficial since it lowers the strain of the 
composite needed to reach the transformation strain of the SMA, which increases the 
composite’s potential for energy dissipation.  Additionally, the lowered transformation 
strain of the composite increases its ductility (rupture strain / yield strain).  As 
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demonstrated by Figure 3.7, there will be some losses in the prestraining due to elastic 
shortening when the composite is allowed to come to equilibrium with the prestraining.  
In this state of equilibrium, the average stress in the composite is zero, but the SMA 
reinforcement is in a state of tension and the epoxy and conventional fiber reinforcement 
are in compression.  The compressive strain in the matrix is beneficial since it delays the 
rupture of the conventional fibers.  
 
 
Figure 3.7:  Prestraining of SMA wires in SMA-FRP Composite. 
 
The behavior of SMA-FRP composites with prestrained SMAs is demonstrated 
with an analytical example using the MATLAB model, which was described in the 
previous section. In this example the properties of the conventional fibers and epoxy are 
the same as previously used for the experimental comparison, and the SMA model is 
matched to the behavior of the trained SMA.  Figure 3.8 shows a comparison of the 
behavior of a SMA-FRP with 75% fiberglass and 25% trained SMA reinforcement with 
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and without prestraining to 1% strain.  From the figure, one can see prestraining results in 
reducing the transformation (yield) strain from 1.0% to 0.35%, and increasing the rupture 
strain from 1.63% to 1.97%.  Furthermore, the amount of hysteretic energy dissipated 
prior to the rupture of the fiber reinforcement increases 392%, when compared to that of 
the composite without prestraining. 
 
 
Figure 3.8:  Behavior of SMA-FRP composite with (a) 0% prestrain (b) 1% prestrain. 
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Figure 3.9:  (a) Closer view of the stress-strain behavior of the prestrained composite 
shown in Figure 3.8b (b) stress-strain behavior of reinforcing SMA wires during first 
cycle. 
 
In addition to altering the transformation and rupture strain of the composite, 
Figure 3.9a (an enlarged view of Figure 3.8b), shows that there are other significant 
changes to the stress-strain behavior of the composite.  After the onset of phase 
transformation (yield) in the SMAs, but before the rupture of the conventional fibers, it is 
observed that the unloading of the SMA-FRP results in compressive stress in the 
composite.  This compressive stress results from the SMA being prestrained past the 
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unloading phase transformation strain.  This is demonstrated in Figure 3.9b, which shows 
the stress-strain behavior of the SMA in the first cycle beyond the SMA transformation 
strain.  After prestraining and elastic shortening, the SMA starts at a stress of about 229 
MPa and a strain of 0.0066.  After the SMA is loaded past its transformation stress, it 
unloads to a stress of around 168 MPa and strain of 0.0066.   This 61 MPa decrease in 
stress in the SMA at the composite’s unstrained state leads to overall compression in the 
composite.  One can also see that the same mechanism that leads to compressive stress 
also leads to residual strains, which is defined as strain in the composite when the 
composite’s stress is zero.  Additionally, after the rupture of the fiber reinforcement, there 
is no material to keep the prestraining in the SMA.  Consequently, the SMA will want to 
release its prestrain and return to a state of zero strain, which would be compressive strain 
in the composite’s reference frame; however, in this analysis the displacement based 
loading prevents the composite reaching compressive strains.  Despite the possibility for 
residual strain or compressive stress in the composite, the significant gains in energy 
dissipation make prestraining an attractive option.  
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CHAPTER 4:  
PARAMETRIC STUDY WITH SMA-FRP COMPOSITES 
 
The stress-strain behavior of SMA-FRP composites is affected by a number of 
factors related to the used SMA wires and conventional fiber reinforcement. To 
determine the effect of these parameters on the stress-strain behavior of the composite, a 
parametric study was conducted.   
 
4.1 PARAMETERS 
Three parameters were considered in this parametric study: 1) amount of SMA 
reinforcement, 2) level of prestraining in the SMA wires, and 3) type of conventional 
fiber reinforcement; the values of these parameters are presented in Table 4.1.  SMA 
percentages presented in this table are by volume, and were chosen to provide a range of 
composites with both fiber and SMA reinforcement, as well as a composite only reinforced 
with SMA wires.  The prestraining levels used in this study were limited to a maximum 
value of 0.75% in order to avoid prestraining past the SMA transformation strain.  The 
fiber reinforcement types were chosen to provide a range of both modulus of elasticity 
and rupture strain.  Low rupture strain fibers, such as carbon, were not considered since 
they would typically fail prior to the phase transformation of the SMAs.  
In this analysis the values that were held constant were the SMA and matrix 
properties and the total reinforcement percentage in the composite.  The composite’s 
matrix to reinforcement volumetric ratio was 35/65.  The resin used in this study was 
assumed to be epoxy with a modulus of elasticity of 3.0 GPa.  The initial modulus of the 
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SMA wires used in the study was taken as 68.9 GPa, while the phase transformation 
starts at strain and stress equal to 0.8% and 551 MPa, respectively. These values are 
typical for the superelastic NiTi SMAs (DesRoches et al. 2004).  The loading used in this 
static analysis is cyclic in tension with the strain demand on the composite increasing by 
0.25% each cycle up to a maximum value of 6%. 
 
Table 4.1:  Parameters considered in parametric study 
 
Prestrain % SMA % of Reinforcement
0.00 Fiber Type Tensile Modulus (GPa) Ultimate Strain (%) 25
0.25 E-Glass 68.9 2.00 50
0.50 S-Glass 86.2 3.00 75
0.75 Aramid 124.1 3.00 100
Fiber Reinforcement
 
 
4.2 RESULTS AND DISCUSSION 
The stress-strain relationships from selected composites analyzed in this 
parametric study are shown in Figure 4.1.  In this figure, stress-strain curves for 
composites reinforced with 75% SMA prestrained to 0.75% are shown for each fiber 
reinforcement type up until the rupture of the fiber reinforcement.   Additionally, in this 
figure the stress strain curve for the 100% SMA reinforced composite is shown, up to 3% 
strain; however, it should be noted that since this composite is not susceptible to 
conventional fiber rupture, the composite retains additional capacity after this point and 
that 3% strain was chosen only to form a comparison near the strain level of the 
composites with conventional fibers.  As represented in this figure, each of the resulting 
stress-strain relationships has similar characteristics, including: 
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• Energy is dissipated by the composite prior to the rupture of the conventional 
fibers due to the hysteretic behavior of the SMA reinforcement. 
• Ductility in the composites is observed due to the stress induced phase 
transformation of the SMA reinforcement. 
• Stiffness degradation beyond the point of SMAs phase transformation is observed 
in all studied cases. This change in stiffness forms a yield point in the composite’s 
stress-strain behavior, which is more pronounced in some composites and 
depends on the type of fiber reinforcement and the amount of SMA 
reinforcement. 
Even though the resulting stress-strain relationships shown in Figure 4.1 have 
some common characteristics, they still vary greatly depending on the composite type.  
To quantify the differences in the response of the composites, four response parameters 
are subsequently quantified and compared: 1) energy dissipated elastically (i.e. prior to 
the rupture of the conventional fibers), 2) composite’s transformation stress (i.e. yield 
stress), 3) strain hardening after the transformation, and 4) residual stress after the rupture 
of the conventional fiber reinforcement.  Parameter 1 provides important information on 
the damping characteristics of the SMA-FRP composite. Parameters 2 and 3 provide 
insight on the ductility of the composite, while Parameter 4 is a measure of the 
composite’s performance under the most extreme demands. The results of each of the 
four response parameters are presented in the following subsections. 
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Figure 4.1:  Selected stress-strain results from the parametric study of SMA-FRP 
composites((a),(b),(c)) 75% SMA prestrained to 0.75% (d) 100% SMA reinforced 
 
4.2.1 Energy Dissipation 
One of the main benefits of SMA-FRP composites is their ability to dissipate 
energy without permanent damage. Therefore, the potential for energy dissipation before 
the rupture of conventional fibers was quantified by calculating the area contained within 
the stress-strain hysteresis in the cycles before the rupture.  Figure 4.2 shows a 
comparison of the ability of the studied composites to elastically dissipate energy.  The 
figure illustrates that the amount of energy dissipated increases as both the amount of 
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SMA reinforcement and the prestrain of the SMA increases.  Since SMA fibers were the 
only type of reinforcement used in the composite with 100% SMA, there was no need to 
prestrain the fibers. Also, for this composite type the energy dissipation was calculated up 
until the specimen reached the rupture strain of the conventional fiber reinforcement of 
the group it was being compared with.  The results presented in the figure show that the 
energy dissipated by the composite with S-Glass reinforcement and no prestrain 
increased by 200% when the SMA reinforcement increases from 25% to 75% and the 
energy dissipated by 25% S-Glass/75% SMA composite increased by 70% when the 
prestraining was increased from 0% to 0.75%.  Even though prestraining of composites 
containing 25% SMA increased the energy dissipation by 18% to 40%, depending on the 
conventional fiber and the amount of prestrain, the total amount of energy dissipated was 
still very low; therefore, the use of prestraining to increase energy dissipation should be 
reserved for composites with moderate to high SMA content.  When comparing between 
conventional fiber reinforcements, S-Glass and aramid have comparable energy 
dissipation performance, with an on average difference of less than 2.5% given the same 
SMA and prestrain percentage.  On the other hand, the composites reinforced with either 
S-Glass or aramid fibers dissipated on average about 180% more energy than composites 
reinforced with E-Glass containing the same amount of SMA with the same level of 
prestrain.  This result is primarily due to the higher rupture strain of both S-Glass and 
aramid fibers compared to E-Glass fibers. Hence, a slight increase in the rupture strain of 
the conventional fibers will result in a significant improvement in the damping capability 
of the composite.  It can also be seen that the energy dissipation capacity of composites 
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reinforced with 75% SMA and highly prestrained 50% SMA reinforcement were similar 
to the capacity of the 100% SMA reinforced model. 
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Figure 4.2: Parametric Study Results – Elastic Energy Dissipation. 
 
4.2.2 Transformation “Yield” Stress 
The transformation stress, which represents the yielding point of the composite, is 
considered important since it is preferable for the composite to remain linear elastic when 
subjected to service loads, but also yield early enough before failure.  A good measure for 
acceptable transformation strengths is that of steel rebar, which is commonly available 
with yield stresses between 280 and 520 MPa.  Figure 4.3 compares the yield strength of 
the composites in this parametric study, which vary between 109 and 582 MPa.  From 
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this figure one can see that increasing the prestraining decreases the yield strength.  
Additionally, at high prestrain levels, increasing the SMA reinforcement percentage 
increases the yield stress and, conversely, at low prestrain levels, increasing the SMA 
reinforcement percentage lowers the yield stress.   
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Figure 4.3: Parametric Study Results – Yield Stress. 
 
By comparing Figure 4.2 and Figure 4.3 it can be concluded that some of the 
composites which had the best performance in terms of energy dissipation, had 
transformation stresses low enough for them to be unsuitable for the intended application.  
An example of this is the composite with 50% S-Glass and 50% SMA prestrained to 
0.75% reinforcement.  This composite has one of the highest elastic energy dissipation 
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potentials of all the 50% SMA reinforced composites, but has a transformation stress of 
195 MPa, too low for many applications.  On the other hand, some composites 
demonstrated good performance in both energy dissipation and yield stress.  For example 
the composite reinforced with 25% S-Glass and 75% SMA prestrained to 0.75% 
dissipated the second most amount of energy while maintaining an acceptable yield stress 
of 315 MPa.  These results indicate that optimization is essential to determine the 
composite that best matches the needs of a particular application 
 
4.2.3 Strain Hardening Ratio 
In the case of steel rebars, after steel yields it has a low stiffness, near plastic 
response, which allows it to endure further strain demand without developing excessive 
additional stress.  This response is what is referred to as a ductile response.  So far, the 
phase transformation of the SMAs has been compared to the yield point of steel, but the 
response of a SMA-FRP after this transformation point is not the same; there is a 
reduction in stiffness after this point, but in most cases the composite is still stiff enough 
that the response cannot be described as plastic.  The strain hardening, which is defined 
as the ratio of post transformation stiffness to initial stiffness can be used, in part, to 
determine if the response of the composite is ductile.  Figure 4.4 shows this ratio for the 
analyses in the parametric study.  As one can see from this figure, the ratio observed in 
the composites varies from 2.31% to 84.6% and is unaffected by the amount of SMA 
prestrain.  As one may expect, the ratio is lowered when the SMA percentage is 
increased.  Additionally, for the same level of SMA reinforcement, the modulus ratio 
increases when stiffer conventional fiber reinforcement is used.  For example, with 75% 
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SMA reinforcement the ratio is 26.7%, 31.0%, and 38.7% with E-Glass, S-Glass, and 
aramid reinforcement, respectively. 
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Figure 4.4: Parametric Study Results – Strain Hardening Ratio. 
 
4.2.4 Residual Stress 
Another important characteristic of SMA-FRP composites is their ability to 
maintain a reasonable percentage of their load-carrying capacity after the conventional 
fibers are completely ruptured.  This characteristic is crucial, especially under extreme 
loading conditions where such residual stress could play a significant role in protecting 
the structure from collapsing.  Figure 4.5 shows a comparison of the residual stress (as a 
percentage of the rupture stress) of the studied composites.  Because no conventional 
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fibers are present in the 100% SMA reinforced composite, it is excluded from this 
comparison.  A wide range of residual stress values (4.6% to 52.3%) was observed in the 
study. The residual stress increases with higher SMA percentage.  When comparing 
between the residual stresses corresponding to different fiber reinforcement types, one 
can see that the E-Glass has the best performance with residual stresses between 11.5% 
and 52.3% of the rupture stress.  This is due to the relatively low rupture strain and 
modulus of elasticity of E-Glass, which serves to limit the rupture stress.  When 
comparing composites with S-Glass and aramid fiber, which are modeled with the same 
rupture strain, it is noticed that the S-Glass composite outperforms the aramid composite 
in residual stress.  This highlights one potential disadvantages of using high modulus 
fiber reinforcement in SMA-FRP composites. 
 
Figure 4.5: Parametric Study Results – Residual Stress. 
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CHAPTER 5:  
MOMENT CURVATURE ANALYSIS 
 
In this chapter the performance of SMA-FRP bars in concrete structures is 
evaluated at the section level with moment curvature analyses.  These moment curvature 
analyses allow comparisons to be made between concrete sections reinforced with 
conventional FRPs and SMA-FRPs with various reinforcement ratios and confinement 
levels.  In preparation for these analyses the analytical model used in the study is 
presented along with the material models used. 
 
5.1 ANALYTICAL MODEL 
To adequately compare the structural behavior of FRP and SMA-FPR reinforced 
concrete structures, a basis of comparison was formed through the use of moment-
curvature relationships.  To create these moment-curvature relationships, a fiber section 
analysis was performed using the finite element software OpenSees [Mazzoni et al. 
2009], which was specifically designed for structural and geotechnical simulation under 
earthquake excitations.  The concrete section used for this moment-curvature study is 
depicted in Figure 5.1.  The analytical model representing this section has 240 fibers in 
the axis of bending.  The reinforcement in this section is assumed to be in a single row at 
the top and bottom of the section, regardless of reinforcement ratio.  Equal top and 
bottom reinforcement was chosen to equip the section for load reversal in seismic 
loading.  The material models for the reinforcement and concrete fibers used in this 
analysis are subsequently discussed. 
 
 
 60
 
Figure 5.1:  Reinforced concrete section used in the analysis 
 
5.2 MATERIAL MODELS 
 
This section presents the material models developed to describe the stress-strain 
constitutive behaviors of the SMA-FRP reinforcement, the FRP reinforcement and the 
concrete that were used in the study. These models were used throughout the entire of the 
thesis except when otherwise noted.   
 
5.2.1 SMA-FRP Reinforcement 
In Chapter 3 experimental tests on SMA-FPR composite coupons were discussed.  From 
these experimental results, a phenomenological model for the behavior of SMA-FRP 
composites was developed in MATLAB.  However, the analytical tool used for this 
moment curvature analysis, and the case studies presented in subsequent chapters, is 
OpenSees; therefore a new model was needed.  This model was created in OpenSees by 
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combining, in parallel, material models for the resin (epoxy), conventional fiber 
reinforcement, and SMA wires.  The material models used for both epoxy and 
conventional fibers were linear elastic.  For the SMA wires, the OpenSees’ built–in SMA 
model was utilized with the experimentally acquired SMA properties considering training 
of the SMA fibers.  A comparison of the model and the experimental data presented in 
Chapter 3 is shown in Figure 5.2.  This comparison is shown up to the rupture of the 
conventional fibers in the composite, which is defined to be the failure point due to the 
substation reduction in capacity after this point.  As one can see from this figure, the 
analytical model was able to predict closely the experimentally behavior. 
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Figure 5.2:  Experiment and analytical comparison of SMA-FRP stress-strain behavior 
 
The developed analytical model was utilized to describe the behavior of two types 
of SMA-FRP composites, which were used during the rest of the study.  The first SMA-
FRP composite (SMA-FRP1) is reinforced, by volume, with 25% S-Glass and 75% 
SMA, while the second SMA-FRP composite (SMA-FRP2) is reinforced with 100% 
SMA.  The volumetric ratio of reinforcement to resin for both composites was 65/35.   
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The SMA model used to develop these SMA-FRP composites is shown in Figure 5.4.  
The initial modulus was taken as 68.9 GPa, the transformation starts at strain and stress 
equal to 0.8% and 551 MPa, respectively. These values are typical for the superelastic 
NiTi [DesRoches et al. 2004].  The S-Glass fibers have a modulus of elasticity of 86.2 
GPa, within the normal range for commercially available S-glass, and a rupture strain of 
3%, while the epoxy matrix has a modulus of elasticity of 3.0 GPa.  S-Glass was chosen 
as the conventional fiber reinforcement in SMA-FRP1, because of its high rupture strain. 
The stress-strain behaviors of the SMA-FRP1 and SMA-FRP2 are shown in Figure 5.3.  
In this figure the behavior SMA-FRP1 is only shown before rupture of the conventional 
fibers.  This figure shows that, as one might expect, SMA-FRP2 has superior 
performance in terms of both ductility and energy dissipation through hysteretic area. 
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         (a) SMA-FRP1            (b) SMA-FRP2 
Figure 5.3: Stress-strain behaviors of the SMA-FRP composites investigated in this 
study 
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Figure 5.4: SMA stress-strain model used in analyses 
 
5.2.2 FRP Reinforcement 
The FRP reinforcing bars used in the analysis are a composite of an epoxy matrix 
reinforced with E-Glass fibers.  The composite’s volumetric reinforcement ratio is 65/35.  
The composite bars were modeled as linear elastic until rupture with a modulus of 
elasticity of 45.9 GPa and an ultimate strain of 2%.  These mechanical properties were 
chosen as they are similar to the properties of currently manufactured GFRP bars [Bank 
(2006)]. 
 
5.2.3. Concrete 
The concrete sections used in this analysis are composed of two different regions 
of concrete; cover concrete and core concrete.  The cover concrete was unconfined and 
thus was defined to be ineffective due to spalling once a relatively low compressive strain 
(in this study 0.003) has been reached.  As this analysis was focused on improving the 
ductility and energy dissipation in FRP reinforced concrete structures, the core concrete 
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was modeled as being confined with FRP stirrups. Due to the limited work done on the 
analytical characterization of concrete confined with FRP stirrups, confinement models 
designed for FRP wrapped rectangular concrete sections were sought in this study. The 
model by Youssef et al. (2007) was adopted due to its experimental verification with a 
group of specimens that were confined by a large range of FRP wraps; the volumetric 
ratio of the FPR wraps varied from 1.2% to 6.1% and both E-glass and carbon fiber 
wrapped specimens were tested. 
The Youssef et al. model uses four parameters to define two key points, the 
transition point, which is the point at which the FRP becomes fully activated due to the 
dilation of the concrete, and the ultimate point, i.e. the point at which the confined section 
fails due to rupture of the FRP.  These points can be seen on the schematic presented in 
Figure 5.5a for the confined concrete stress-strain curve.  The four parameters used to 
define these points are the confined concrete ultimate stress, 'cuf ; the confined ultimate 
strain, cuε ; the stress at the transition point, tf ; and the strain at the transition point, tε .  
To calculate these parameters the Equations 5.1 – 5.4 are used. 
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In these equations 'cf  is the unconfined concrete compressive strength, E is the FRP 
modulus of elasticity, uf  is the FRP ultimate stress, ρ  is the reinforcement ratio for the 
FRP, and 'luf  is the effective confinement pressure.  Additionally, jtε  is the strain in the 
lateral reinforcement at the transition point, which was taken to be 0.002, as 
recommended by Youssef et al. and Toutanji (1999).  'luf  is calculated with equations 5.5 – 
5.7. 
 1
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Where ek is the shape modification factor, b is the confined section width, h is the 
confined section height, cr  is the rounded corner radius, and lρ  is the longitudinal 
reinforcement ratio.  In this situation, where the core is being confined with stirrups not a 
jacket, cr  can be estimated by using the minimum bend radius for FRP bars outlined in 
ACI 440 [ACI (2006)].  In the proceeding analysis, the longitudinal reinforcement ratio 
will vary; therefore, it is convenient to neglect lρ  in Equation 5.7, so that a constant ek  
can be approximated with only the confined core dimensions.  One important difference 
between confinement with FRP wraps and stirrups is the fact that in the longitudinal 
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direction, wraps are continuous while stirrups are discrete. The adopted model does not 
consider the effect of vertical spacing between the stirrups, which will reduce the 
effective confinement by introducing areas of ineffectively confined concrete in between 
stirrups [Pantelides et al. (2004)].  To address this deficiency the confining stress is 
altered by a vertical confinement effectiveness coefficient, lk .  Several researchers, 
[Paultre and Legeron (2008) and Mander et al. (1988)] used the following expression 
when considering the vertical spacing of confinement in concrete rectangular columns  
 1 12 2l
s sk
h b
⎛ ⎞⎛ ⎞= − −⎜ ⎟⎜ ⎟⎝ ⎠⎝ ⎠  (5.8) 
 
In this expression, s is the spacing between the stirrups.  Considering now the effect of 
the spacing of the FRP stirrups, 'luf  can now be calculated as: 
 'lu e l luf k k f=  (5.9) 
Using this model, confined concrete models were developed for three levels of 
confinement, low, medium, and high, which were designed to correspond to ultimate 
concrete strains of 0.005, 0.0075, and 0.01, respectively.  The stress strain curves for 
these confined concrete models and cover concrete can be found in Figure 5.5b.  The 
reinforcement ratios and stirrup spacing for these models are found in Table 5.1.  The 
range of confinement provided by these models will enable conclusions from the analysis 
to be made on the correlation between performance of SMA-FRP reinforcement and the 
concrete confinement.  The confined concrete models were incorporated into the analysis 
through the OpenSees material model, Concrete02. 
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Table 5.1:  Reinforcement ratios and stirrup spacing used for confinement models 
 
Confinement Stirrup Spacing (mm) Reinforcement Ratio*
High 80 0.039
Medium 120 0.026
Low 250 0.012
* Based on concrete core dimensions  
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(a)      (b)   
Figure 5.5:  (a) Generalized confined stress-strain curve 
(b) Stress-strain curves for three levels of confinement calculated using confinement 
model modified from Youssef et al. 2007 
 
 
5.3. MOMENT CURVATUVE COMPARISON 
Using the developed analytical models, moment curvature analyses were 
performed at reinforcement ratios ranging from 0.5% to 3.0% (using reinforcement on 
one side of the section).  By post-processing the data generated by these analyses one can 
find the effect of the reinforcement ratio and confinement on the moment capacity of the 
section (see Figure 5.1).  In this thesis, the moment capacity is defined as the maximum 
moment achieved before either failure or significant decrease in moment capacity is 
observed.  For the FRP and SMA-FRP1 reinforced sections the limit states that defined 
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failure were the rupture of the conventional fibers in the reinforcing bars (under-
reinforced section), or the crushing of the core concrete (over-reinforced section); for the 
SMA-FRP2 composite reinforced sections the only structural limit state that defined 
failure was the crushing of the core concrete due to the high strain capacity of SMAs.   
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Figure 5.6:  Moment Capacity vs. reinforcement ratio for FRP and SMA-FRP reinforced 
sections 
 
Given these limit states, one can see from Figure 5.6 that the moment capacity of 
the section is increased when the confinement level or the reinforcement ratio is 
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increased regardless of the reinforcement type.  It is also seen that the moment capacity 
of the sections with different reinforcement types becomes similar as the confinement is 
lowered.  This can be attributed to the fact that low confinement results in crushing of 
concrete before the reinforcement can fully engage.  Additionally in this figure one can 
see kinks, i.e. points where a change in the slope occurs.  These kinks are observed in the 
FRP and SMA-FRP1 cases at points where the failure mode of the section changes from 
under-reinforced to over-reinforced.  An example of this is seen for the highly confined 
FRP reinforced section at a reinforcement ratio of 1.24%. 
The effect of the reinforcement ratio and confinement on the curvature ductility of 
the section is also presented in Figure 5.7.  The curvature ductility is defined as the 
maximum curvature achieved before the failure of the section divided by the curvature 
that corresponds to the onset of phase transformation of the SMA in the composite 
(yielding).  For the FRP reinforced sections no transformation occurs in the 
reinforcement, so, by definition, the curvature ductility of the FRP reinforced sections is 
always unity.  Depending on the confinement level and reinforcement ratio, the curvature 
ductility of SMA-FRP reinforced sections was observed as high as 4.2 and 11.5 for SMA-
FRP1 and SMA-FRP2, respectively.  In contrast, FRP reinforced section always exhibit a 
non-ductile response.  For the SMA-FRP reinforced sections, increasing the 
reinforcement ratio, or decreasing the confinement level has the effect of lowering the 
curvature ductility of the section.  One kink that was not seen in the maximum moment 
comparison can be seen in the SMA-FRP2 case with medium confinement at a 
reinforcement ratio of 0.01.  This kink is due to the transition from crushing of the core 
concrete before and after SMA strain hardening, which occurs at 8% strain in the SMA.  
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Figure 5.7:  Curvature ductility vs. reinforcement ratio for FRP and SMA-FRP 
reinforced sections 
 
Using the maximum moment versus reinforcement ratio comparison (see Figure 
5.6) one can determine the necessary reinforcement ratios to generate equivalent sections 
based on a maximum moment capacity basis of comparison.  An example with this basis 
of comparison is shown in Figure 5.8 for a moment capacity of 600 kN-m where the 
ultimate point, as defined above, is shown by a black dot.  In this figure the moment-
curvature relationship that results in the desired moment capacity is shown for each 
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reinforcement type considered at all three levels of confinement.  As discussed before, 
these moment curvature relationships show that reinforcement with SMA-FRP is capable 
of adding significant curvature ductility to the section.  Additionally, this figure shows 
that by decreasing the confinement of the section any potential curvature ductility gained 
from the usage of SMA-FRP reinforcement is greatly diminished. 
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Figure 5.8:  Moment-curvature comparison based on a moment capacity of 600 kN-m. 
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CHAPTER 6:  
NUMERICAL CASE STUDIES 
 
The performance of SMA-FRP composite reinforcement was further investigated 
on the structural element level with two numerical case studies using OpenSees.  The first 
case study was on a concrete cantilever beam.  This study was limited in scope and 
compared the performance of beams using FRP or SMA-FRP reinforcement in the plastic 
hinge region of a beam designed for a particular moment capacity.  The second case 
study involved a 2-dimensional (2-D) concrete beam-column joint reinforced in beam 
plastic hinge zone with FRP or SMA-FRP reinforcement.  This case study was more 
extensive and was used to compare the performance of the SMA-FRP reinforcement at 
various levels of concrete confinement and moment capacity of the members.  Both these 
case studies are used to show how SMA-FRP bars can be used to add ductility and 
enhance the energy dissipation capacity of concrete structures primarily reinforced with 
conventional non-ductile linear elastic FRP bars.  
 
6.1 CASE STUDY ONE: CANTILEVER BEAM 
 This case study investigated the cyclic behavior of an overall FRP reinforced 
concrete cantilever beam with two types of reinforcement in the plastic hinge zone at the 
end of the beam, conventional GFRP bars and SMA-FRP bars.  The geometry of the 
beam and section as well as the cantilever tip displacement pattern is shown in Figure 
5.1.  Two different SMA-FPR composites were investigated in this study: 
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• SMA-FRP1:  SMA-FRP composite reinforced with 25% S-Glass and 75% 
unprestrained  SMA wires  
• SMA-FRP2:  SMA-FRP composite reinforced with 100% SMA   
The stress-strain behavior of these composites, as well as the material properties 
of the FRP bars used in this analysis, can be found in Chapter 5 (see Figure 5.3).  
Additionally, using the model described in Chapter 5, a confined concrete model for this 
analysis was developed based on an ultimate concrete strain of 0.009.  The stress strain 
curves for the confined concrete and cover concrete models can be found in Figure 6.2. 
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Figure 6.1: (a) Geometry of the cantilever beam (b) tip displacement pattern used in the 
case study. 
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Figure 6.2: Stress-strain curves for concrete models 
 
 
To provide an accurate basis of comparison, a moment curvature analysis was 
completed to determine the reinforcement ratios necessary for equal moment capacity of 
the section when reinforced with either SMA-FRP or FRP.  Based on an FRP 
reinforcement ratio of 1%, the resulting reinforcement ratios for SMA-FRP1 and SMA-
FRP 2 were 1.23% and 1.91%, respectively.  This moment curvature comparison is 
shown in Figure 6.3.  In these moment curvature relationships the FRP reinforced section 
fails due to tensile rupture of the composite, the SMA-FRP1 reinforced section reaches its 
maximum moment right before it fails due to the rupture of the epoxy and fiberglass, and 
SMA-FRP2 fails from crushing of the core concrete.   
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Figure 6.3: Moment-curvature relationships of SMA-FRP and FRP reinforced sections 
with the same moment capacity. 
 
Figure 6.4 shows the load vs. drift at the tip of the cantilever beam for each 
reinforcement type until the failure of the cantilever is reached.  This corresponds to the 
rupture of the reinforcing fibers in the FRP (Figure 6.4a) and SMA-FRP1 reinforced 
sections (Figure 6.4b) and the crushing of the core concrete for the SMA-FRP2 
reinforced section (Figure 6.4c).  From Figure 6.4 one can see that the sections reinforced 
with SMA-FRP1 and SMA-FRP2 dissipate significantly more energy than the FRP 
reinforced section and exhibit ductile behavior.   These figures also show that there is not 
significant visible degradation in the hysteresis due to the concrete deterioration.  To 
explain this phenomenon the behavior of the materials is examined.  Figure 6.5 shows the 
stress-strain relationship for the core concrete and SMA-FRP reinforcement at the top of 
the SMA-FRP2 reinforced specimen and the first integration point of the member.  In this 
figure points are noted on the curves when specific drift levels in the member are 
reached.  As one can see from this figure the confined core concrete does degrade at 
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relatively high levels of compressive stain; however, as the concrete degrades more 
stresses move to the reinforcement in compression, this stress balance is responsible for 
the lack of major degradation in the load-deformation hysteresis seen in Figure 6.4. 
 
(a) (b)
-8 -6 -4 -2 0 2 4 6 8
-300
-200
-100
0
100
200
300
 Drift (%)
B
as
e 
R
ea
ct
io
n 
(K
N
)
-8 -6 -4 -2 0 2 4 6 8
-300
-200
-100
0
100
200
300
 Drift (%)
B
as
e 
R
ea
ct
io
n 
(K
N
)
B
as
e 
R
ea
ct
io
n 
(K
N
)
B
as
e 
R
ea
ct
io
n 
(K
N
)
(c)
-8 -6 -4 -2 0 2 4 6 8
-300
-200
-100
0
100
200
300
 Drift (%)
B
as
e 
R
ea
ct
io
n 
(K
N
)
B
as
e 
R
ea
ct
io
n 
(K
N
)
 
 
Figure 6.4:  Reaction vs. drift at the tip of the concrete cantilever beam when reinforced 
with (a) FRP (b) SMA-FRP1 (c) SMA-FRP2 
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Figure 6.5:  Stress vs. strain in the (a) Core concrete  (b) SMA-FRP reinforcement at the 
top of the SMA-FRP 2 reinforced section 
 
To evaluate the performance of the SMA-FRP reinforcement, two quantities are 
calculated and compared: ductility and damping.  The displacement ductility of the SMA-
FRP reinforced members can be calculated by dividing the displacement corresponding 
to the transformation of the SMA in the reinforcement to the ultimate displacement.  The 
displacement ductility of the beam reinforced with SMA-FRP1 and SMA-FRP2 was 2.83 
and 2.65, respectively, while for the conventional FRP reinforced beam the behavior was 
almost linear, i.e. non-ductile.   
The damping provided by a structure is an important parameter because it is 
linked to the energy dissipated by the structure.  With the data from the last completed 
cycle of each specimen before failure, the viscous damping of an equivalent linear 
system, eqζ , was calculated for each model using equation 6.1 (Chopra 1995).  
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In this equation DisE  is the hysteretic energy dissipated in the last complete cycle and 
ElasticE  is the equivalent linear elastic energy stored in the system at the cycle’s maximum 
drift.  The damping ratio due to the hysteretric area was calculated to be 0.006, 0.018, and 
0.048 for the FRP, SMA-FRP1, and SMA-FRP2 reinforced sections, respectively.  
 
6.2 CASE STUDY TWO: BEAM-COLUMN JOINT 
In this case study a 2-dimensional (2-D) concrete beam-column joint reinforced in 
the plastic hinge zone in the beam with SMA-FRP and FRP reinforcements is 
investigated under cyclic loading.  While this case study focuses on using SMA-FRP 
composite reinforcement in frame structures, it is important to note that the reinforcing of 
beam-column joint was selected as an example among other potential applications of 
SMA-FRP reinforcement in concrete structures with high level of ductility demand.   
The physical and finite element representations of the analyzed structure are 
depicted in Figure 6.6.  Both beams and columns were dimensioned equally and 
reinforced to provide equal moment capacity.  This dimensioning and reinforcement 
scheme adheres with the strong column-weak beam philosophy which encourages the 
formation of plastic hinges in the beams during extreme loading events. Each member in 
the analyzed beam-column joint was modeled to the point of contraflexure under lateral 
load, i.e. the mid-span point. Consequently, only half of each member (the beam and the 
columns above and below the joint) was modeled.   The boundary condition at the bottom 
end of the column was pinned, i.e. displacement is fixed and rotation is free, while the top 
end of the column is fixed in the X-direction with Y-direction movement and rotation 
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free.  The end of the beam was left free in all degrees of freedom.  A constant 
compressive axial load equivalent to 10% of the column’s compressive strength was 
applied at the top of the column to simulate gravity loads. 
 
(a)                                                                          (b)   
Figure 6.6: Beam-column joint  
a) Physical representation  b) Finite element representation  
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Figure 6.7:  Displacement load pattern for analysis of beam-column joint 
 
The material models used in this analysis for the FRP and SMA-FRP 
reinforcement, as well as the concrete, can be found in Chapter 5.  Both beams and 
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columns were modeled using 7 integration point nonlinear force-based beam-column 
elements.  Since it is not cost effective to use SMA-FRP composite reinforcement 
throughout the entirety of a structure or member, the beam’s plastic hinge region was 
selectively reinforced with SMA-FRP composite reinforcement in only the beam 
integration points closest to the joint.  This corresponds to SMA–FRP reinforcement 
being used for a distance of 515 mm from the face of the column.  Outside this plastic 
hinge region, FRP reinforcement was exclusively used.  Because inelasticity was 
designed to be concentrated in the plastic hinge region of the beam, the deformation and 
inelasticity in the joint itself was neglected; consequently, the joint was modeled with 
rigid beam members and dimensioned so that only the clear span length of the beams and 
columns was considered.  The model was statically loaded in the Y direction of the free 
beam end with the cyclic displacement pattern shown in Figure 6.7.  In this figure, drift is 
defined as the vertical displacement of the beam tip divided by the length of the beam 
element. 
In addition to the type of reinforcement present in the plastic hinge region, the 
effect of the confinement of the core concrete and the moment capacity of the members 
were investigated.  The effect of the confinement was included by performing analyses at 
the three levels of confinement that were previously discussed in Figure 5.5.  The 
moment capacity of the members was investigated by performing analyses at moment 
capacities ranging from 500 kN-m to 900 kN-m in 50 kN-m increments.  The 
reinforcement ratio necessary for a particular moment capacity for each confinement 
level and reinforcement type was determined using the results from the moment-
curvature analysis presented in the preceding section.  An example of the results from 
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this analysis are seen in Figure 6.8, which shows the beam tip load versus beam tip drift 
in the vertical direction for the end of the beam for highly confined specimens with a 
moment capacity of 600 kN-m analyzed in this study.  As typically observed in this 
analysis, these results show that the specimens with SMA-FRP in the plastic hinge zone 
exhibit a ductile response and dissipate more hysteretic energy when compared to the 
exclusively FRP reinforced specimen.   
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Figure 6.8:  Beam tip force vs. vertical beam tip displacement from highly confined 
specimens with a moment capacity of 600 kN-m in the beam-column joint study 
 
These figures also show that there is not significant visible degradation in the 
hysteresis; however, with increased strain and cycling one might expect to see 
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degradation due to the concrete deterioration.  Once again, to explain this phenomenon 
the behavior of the materials is examined.  Figure 6.9 shows the stress-strain relationship 
for the core concrete and SMA-FRP reinforcement at the top of the SMA-FRP2 
reinforced specimen and at the first integration point of the member.  In this figure points 
are noted on the curves when specific drift levels in the member are reached.  As one can 
see from this figure the confined core concrete does degrade at relatively high levels of 
compressive stain; however, as the concrete degrades more stresses move to the 
reinforcement in compression.  Because the sections have equal top and bottom 
reinforcement, the tensile stress can be kept in equilibrium with the compressive 
reinforcement.  As was the case in the first case study, this stress balance is responsible 
for the lack of major degradation in the load-deformation hysteresis seen in Figure 6.8. 
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Figure 6.9:  Stress vs. strain in the (a) Core concrete  (b) SMA-FRP reinforcement at the 
top of the SMA-FRP2 reinforced section with 600 kN-m capacity and high confinement 
 
To evaluate the results from this study, several response parameters were 
quantified and compared: 1) drift capacity 2) damping ratio and 3) displacement ductility.  
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Each of these parameters represents key characteristic of the performance of the 
substructure.  Parameters 1 and 3 provide insight on the deformation performance of the 
substructure while parameter 2 provides information on its energy dissipation capability. 
 
Drift Capacity 
The drift capacity of the substructure is important when assessing a structures 
performance to given deformation demands.  The drift capacity results from the 
specimens in this analysis are shown in Figure 6.10.  From these results it was found that 
the drift capacity is lowered when the confinement level is reduced regardless of the 
reinforcement type.  Furthermore, SMA-FRP reinforcement at high and medium 
confinement levels show an improvement in drift capacity compared to FRP reinforced 
model, with up to 20% and 125% increase in drift capacity, for SMA-FRP1 and SMA-
FRP2, respectively, given the same moment capacity and confinement level.  However, at 
low confinement the drift capacities of the SMA-FRP reinforced beam-column joint are 
not significantly different than that of the FRP reinforced joint.  After the SMA-FRP2 
reinforced specimen’s failure limit state changes from crushing after strain hardening to 
crushing before SMA strain hardening, which occurs at around 650 kN-m for the high 
confinement specimen, increasing the moment capacity lowers drift capacity of the SMA-
FRP2 reinforced model.  Increasing the moment capacity has a smaller effect on both the 
FRP and SMA-FRP1 reinforced model, with both minor increases and decreases 
observed. 
 
 
 
 84
 
500 600 700 800 900
0
2
4
6
8
10
12
14
Moment Capacity (kN-m)
D
rif
t C
ap
ac
ity
 (%
)
 
 
FRP
SMA-FRP1
SMA-FRP2
500 600 700 800 900
0
2
4
6
8
10
12
14
Moment Capacity (kN-m)
D
rif
t C
ap
ac
ity
 (%
)
 
 
FRP
SMA-FRP1
SMA-FRP2
 
(a) High Confinement                       (b) Medium Confinement 
 
  
(c) Low Confinement 
 
Figure 6.10:  Drift Capacity vs. Moment Capacity 
 
Energy Dissipation 
The damping provided by a structure is an important parameter because it is linked to the 
energy dissipated by the structure.  With the data from the last completed cycle of each 
specimen before failure, the viscous damping of an equivalent linear system, eqζ , was 
calculated for each model using equation 6.1.  Figure 6.11 shows the eqζ  versus the 
moment capacity results from this analysis.  From this one can see that the maximum 
damping ratio for the SMA-FRP1 and SMA-FRP2 reinforced joints were 101% and 
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475% higher than the maximum ratio for the FRP reinforced model, respectively.    It is 
also clear from this figure that energy dissipation decreased dramatically as the 
confinement level was lowered and the moment capacity was increased, with almost no 
difference in energy dissipation for all three models at low confinement and high moment 
capacity.  This decrease is attributed to the fact that lowering the confinement and 
increasing the moment capacity lowers the frame’s ultimate drift capacity and thus, 
lowers the amount of hysteretic area that can be utilized to accumulate energy dissipation 
and provide damping to the structure. 
 
 
(a) High Confinement                       (b) Medium Confinement 
 
 
(c) Low Confinement 
 
Figure 6.11:  Damping Ratio vs. Moment Capacity 
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Ductility 
One of the important advantages sought from replacing FRP bars with SMA-FRP 
reinforcement is the improvement in ductility capacity.  In the previous moment-
curvature analysis, the ductility of the section was measured with the curvature ductility; 
on the larger scale of the beam-column-joint, ductility can be measured with 
displacement ductility.  In this analysis, displacement ductility is calculated by dividing 
the maximum displacement reached before failure by the displacement at which the SMA 
fibers experience phase transformation (yields).  Since FRP does not yield, the ductility 
of the FRP reinforced specimens is, by definition, unity.  The resulting relationship 
between ductility and moment capacity is found in Figure 6.12.  From this figure it was 
found that the ductility of the SMA-FRP reinforced specimens generally decreases as the 
confinement level is lowered.  The SMA-FRP2 reinforced specimens proved to be more 
sensitive to this decrease as the maximum decrease in displacement ductility was 74% 
when comparing high and low confinement specimens at the same moment capacity, 
however, for the SMA-FRP1 case the maximum decrease was 57%.  This higher 
sensitivity to confinement level can be attributed to the fact that the SMA-FRP2 
reinforced members accumulate most their displacement ductility at high curvature 
levels, which require both high reinforcement strain and high concrete strain.  At low and 
medium confinement it is also seen that the ductility of SMA-FRP1 reinforced models 
are sometimes higher than SMA-FRP2 reinforced models.  This peculiar result occurs 
because a higher amount of SMA-FRP2 is required to achieve a given moment capacity, 
which delays yielding and at lower confinement levels can lead to a reduction in ductility.  
From Figure 6.12 was also found that increasing the moment capacity generally 
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decreases the ductility of SMA-FRP2 reinforced specimens, but has much less effect on 
the ductility of SMA-FRP1 reinforced specimens.  Again, this is due to the sensitivity of 
SMA-FRP2 reinforced members to the ultimate curvature of the section, which is 
lowered substantially with increased reinforcement ratio. 
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 (a) Low Confinement                                      
Figure 6.12:  Displacement Ductility vs. Moment Capacity 
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CHAPTER 7:  
FRAME ANALYSIS 
 
Thus far, SMA-FRP reinforcement has been explored at the material, section, and 
subassemblage level, now as a final step, SMA-FRP reinforcement in a structural system 
will be explored.  Accordingly, this chapter presents an analytical study of a concrete 
frame structure with SMA-FRP reinforcement that is subjected to seismic loading. 
 
7.1 ANALYTICAL MODEL 
The model structure for this analysis is a 1 Bay – 3 Story reinforced concrete frame 
(see Figure 7.1).  The section dimensions of the beams and columns in the structure are 
equal and set at 600 mm x 300 mm. The structure was primarily reinforced with FRP, but 
to evaluate the performance of SMA-FRP reinforcement, the model was analyzed with all 
beam plastic hinge zones reinforced with the two types of SMA-FRP considered in this 
study (see Figure 5.3), as well as GFRP.  Once again in this model, force-based beam-
column elements were utilized for both beam and columns, while the deformation and 
inelasticity in joint itself was neglected by using rigid links to represent the beam-column 
joint.  Mass was lumped at the nodal points; thus, the beams were discretized into two 
separate elements so that mass can be lumped at a node along the beam span.  The base 
of each column was fixed in all DOFs.  As demonstrated by both the moment-curvature 
analysis and the substructure study on the beam-column joint, the effectiveness of SMA-
FRP composite reinforcement is rapidly diminished as the confinement of the section is 
reduced.  Because of this, and the fact that most codes require that concrete structures in 
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high seismic zones be detailed to ensure adequate confinement, only the high level of 
confinement (see Figure 5.5b) was considered in this section.  Beams were reinforced to 
deliver a moment capacity of 600 kN-m, while column reinforcement levels were 
designed such that the frame follows the weak-beam, strong-column principle.   
 
 
Figure 7.1:  Model of the frame structure used in the analysis 
 
Modal analysis was performed before the loading was applied on frames with each 
plastic hinge reinforcement type.  Table 7.1 shows the resulting first three natural periods 
of the frames.  From this table one can see that the natural periods of the frame were 
similar, regardless of plastic hinge reinforcement type.  This is to be expected since much 
of the stiffness of the frame is derived from the concrete, which is the same in each case.  
Furthermore, similar periods are expected because the initial stiffness of each hinge 
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reinforcement type was similar, and the reinforcement in areas outside the beam plastic 
hinge zone was identical in all three structures.  Additionally, this modal analysis showed 
that each frame type had very similar mode shapes.  Figure 7.2 shows the first three 
resulting mode shapes of the frame with SMA-FRP2 hinge reinforcement.  Due to the 
similarity in modes shapes, the mode shapes for the frames reinforced with FRP or SMA-
FRP1 in the hinge are not shown.  The mode shapes shown in Figure 7.2, in particular, 
the first mode shape, are typical for a concrete frame structure of this height.  Using this 
modal information, the first two modes of each frame were damped by 5% through the 
use of Raleigh damping. 
 
(a)      (b) 
 
(c) 
 
Figure 7.2:  Mode Shapes of frame reinforced with SMA-FRP2   
(a) Mode 1 – T =0.404 sec (b) Mode 2 – T = 0.115 sec  (c) Mode 3 – T = 0.073 sec 
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Table 7.1:  Natural periods of frames given reinforcement type (sec) 
 
GFRP SMA-FRP1 SMA-FRP2
1st 0.408 0.406 0.404
2nd 0.116 0.115 0.115
3rd 0.073 0.073 0.073
Hinge Reinforcement TypeMode
  
 
 
7.2 EARTHQUAKE PROPERTIES 
The seismic performance of this frame was evaluated by performing a dynamic analysis 
with three earthquake ground motion records:  
− Beverly Hills - Mulhol Station record of the 1994 Northridge earthquake  
− Shin-Osaka Station record of the 1995 Kobe earthquake 
− Capitola  Station record of the 1989 Loma Prieta earthquake 
Table 7.2 summarizes some of the key parameters of these earthquake records.  
Additionally, Figure 7.3 shows the unscaled ground acceleration time history for each of 
these earthquake records.   
 
Table 7.2  Ground Motion Records Properties 
 
Earthquake Northridge - 1994 Kobe - 1995  Loma Prieta - 1989  
Station  Beverly Hills - Mulhol   Shin-Osaka   Capitola  
PGA (g) 0.52 0.24 0.53
PGV (cm/s) 63 38 35
Mechanism Thrust Strike-Slip Strike-Slip
Epicentral Distance (km) 13.3 46 9.8
Record Duration (sec) 29.95 40.95 39.95
Magnitude, ML 6.7 6.9 6.9  
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Figure 7.3:  Unscaled ground acceleration time histories  
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Figure 7.4:  Pseudo acceleration spectra for selected ground acceleration time histories 
 
For each of these earthquakes records, the pseudo acceleration spectrum assuming 
5% damping was calculated from the ground acceleration time history data. The results of 
this calculation are shown in Figure 7.4.  Through inspection of this figure one can see 
that in each case, the first natural period of the building is located in or near an area of 
relatively high spectral demand.  Additionally, one can see that with increasing period, 
the spectral acceleration for the Loma Prieta earthquake record reduce faster than the 
Northridge or Kobe record.  This may prove important depending on how much the 
period of the building increases as damage starts to accumulate.  Finally, it is seen that 
the maximum spectral acceleration for the Northridge and Loma Preita earthquake 
records are similar, but the maximum spectral acceleration for the Kobe earthquake is 
significantly smaller.  This difference is primarily due to the lower PGA of the unscaled 
Kobe time history; this will not be a problem as the scaling of the record will address this 
issue. 
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7.3 INCREMENTAL DYNAMIC ANALYSIS 
The analysis method chosen to evaluate the performance of the previously 
introduced frame model was the incremental dynamic analysis (IDA).  The IDA method 
was used in structural analysis as early as 1977, but has become more popular in recent 
years, in part, due to advancements in computer technologies [Bertero 1977, Vamvatsikos 
and Cornell 2001].  The popularity and widespread acceptance of IDA was demonstrated 
by its inclusion in design guidelines published by FEMA [FEMA 2000].  As part of an  
IDA a model is analyzed with a ground acceleration time history at various levels of 
intensity. The desired level of intensity is achieved by scaling the time history record.  
This scaling can be based on many different quantities, such as PGV, spectral 
acceleration, etc.  In this analysis, scaling via PGA was chosen since it is a commonly 
used technique and has the advantage of simplicity.  Once these multiple analyses are 
completed, the data can then be post-processed to extract important parameters of the 
response, often referred to as structural state variables.  These response parameters can 
then be plotted together to form curves that show the progression of the structure and its 
response parameters as the intensity of the demand increases.  The resulting IDA curves 
are often dependent on the input time history, so this type of analysis is often performed 
using multiple records.  In the analysis presented below, the maximum PGA increment 
between analyses was 0.3g.  The PGA increment was decreased as the frame approached 
its maximum survivable PGA, and as needed throughout the analysis to provide 
definition to the IDA curves. 
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7.4 RESULTS AND DISCUSSION 
An example of the results from the analysis described above is shown in Figure 7.5, 
which shows the base shear vs. average roof drift ratio plots for frames subjected to the 
Northridge earthquake.  In this plot, for each reinforcement type, the earthquake record 
was scaled to the maximum survivable PGA.  This corresponded to the maximum PGA 
earthquake in which all the members of the frame did not reach a failure limit state.  The 
failure limit states for this model differed depending on the reinforcing material in the 
section of interest.  For FRP and SMA-FRP1 reinforced sections, failure was defined as 
either crushing of the core concrete or rupture of the conventional fibers in the 
reinforcement.  For the SMA-FRP2 reinforced section, failure was defined only as 
crushing of the core concrete.  From Figure 7.5 one can see the hysteretic nature of the 
base shear vs. roof drift ratio response for each reinforcement type.   From this figure it is 
clear that the SMA-FRP1 reinforced frame shows similar performance when compared to 
the FRP reinforced structure; however, SMA-FRP2 reinforced frame clearly shows 
superior performance in terms of drift ratio and energy dissipation.  Additionally, this 
figure shows that, when compared to the GFRP reinforced frame, both SMA-FRP 
reinforced frames reached higher maximum roof drift levels.  Compared to the GFRP 
frame, this increase was 15.4% and 64.9% for the SMA-FRP1 and SMA-FRP2 reinforced 
frames, respectively.  Likewise, the SMA-FRP reinforced frames, when compared to the 
GFRP reinforced frame, show more hysteretic area contained within the curve. 5% and 
286% more energy was dissipated, when compared to the FRP reinforced frame, by the 
SMA-FRP1 and SMA-FRP2 reinforced frames, respectively.  To provide a quantitative 
evaluation of the performance of the SMA-FRP composite reinforcement in the frame, 
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IDA curves showing the maximum base shear vs. the maximum drift ratio were 
calculated for each acceleration time history record (see Figure 7.3).  
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Figure 7.5:  Base shear vs. roof drift ratio (a) Northridge, Beverly Hills – Mulhol Station 
(b) Kobe, Shin – Osaka Station (c) Loma Prieta, Capitola Station ground acceleration 
time histories scaled to maximum PGA 
 
Figure 7.6 shows IDA curves of the maximum base shear vs. the maximum story 
drift ratio for each frame type and earthquake record.  Additionally, in this figure plots 
are shown of the PGA of the analysis vs. the story drift ratio; this plot can be used to 
relate both the maximum base shear and story drift to the time history record intensity.    
From this figure one can see that the IDA curves for the different reinforcement types 
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follow very similar and partially overlapping paths.  However, the frames reinforced with 
SMA-FRP persist longer in the IDA and reach higher levels of PGA, drift ratio, and, in 
most cases, base shear.  This initial overlap is due to the fact that the overall stiffness 
properties of the frames are very similar; this was demonstrated previously by a modal 
analysis, which showed very similar periods and mode shapes.  This is expected because 
the frames are almost identical, where the only difference being the reinforcement in the 
plastic hinge zones of the beams.   
As indicated by the results of the IDA, the drift ratio capacity was higher for each 
earthquake for both the SMA-FRP1 and SMA-FRP2 reinforced frames, up to 16% and 
66%, respectively, when compared to the GFRP reinforced frame.  This was expected 
due to the better curvature ductility and drift performance of SMA-FRP reinforcement in 
the section and substructure analyses (see Figure 5.7 and Figure 6.10 for examples).  
Additionally, these same analyses showed superior performance for SMA-FRP2 
reinforcement, when compared to SMA-FRP1, so it is not surprising that the SMA-FRP2 
reinforced frame has a higher drift ratio capacity.  Despite the higher drift capacity of the 
SMA-FRP reinforced frames, these frames show only a modest, if any, increase of base 
shear capacity.  This is expected because the frames are designed and reinforced to have 
the same moment capacity, regardless of reinforcement type.  Additionally, this is a 
positive result because it shows the ductility of SMA-FRP reinforced frames, which is 
one of the main reasons SMA-FPR reinforcement is being studied. 
From Figure 7.6 it is also seen that, given a reinforcement type, there is not a 
dramatic variation in the base shear capacity or drift ratio capacity for the different 
earthquake results.  For example, maximum drift ratio of the SMA-FRP2 reinforced 
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frames varied between 5.3% and 6.3%, and the maximum base shear for the SMA-FRP1 
reinforced frame varies from 544 to 568 kN.  This similarity in base shear and drift ratio 
capacity suggests that these properties are more insensitive to the particular ground 
motion than other parameters, such as energy dissipation.  A possible reason for this is 
that the moment and curvature capacities of each section were defined independently of 
the loading type. 
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Figure 7.6:  IDA Results (a) Northridge, Beverly Hills – Mulhol Station (b) Kobe, Shin – 
Osaka Station (c) Loma Prieta, Capitola Station  
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Figure 7.6 (cont.) 
 
Figure 7.7 shows that, as mentioned previously, the SMA-FRP reinforced frames 
have higher maximum PGA for all the earthquake records analyzed.  This figure shows 
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the normalized maximum PGA each model could withstand before failure for each 
earthquake.  In this figure normalization is done by dividing the maximum PGA 
withstood by the frame for each reinforcement type by the maximum PGA obtained by 
the GFRP reinforced frame, for each earthquake.  From this figure one can see that the 
SMA-FRP reinforced frames reach higher normalized PGA in all the analysis sets.  The 
average maximum PGA increased 15% and 61% for the SMA-FRP1 and SMA-FRP2 
reinforced models, respectively, when compared to the FRP reinforced model.  The 
increase in maximum survivable earthquake seen in this analysis is most likely due to the 
higher ductility of the SMA-FRP reinforced beam plastic hinge sections.  
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Figure 7.7:  Relative maximum PGA 
 
 
The energy dissipated by the frame in each analysis is plotted in Figure 7.8.  For 
this figure, the energy dissipated was calculated by determining the area contained within 
a plot of the total lateral base reaction and the average roof displacement.  From this 
figure it is seen that in all cases, the SMA-FRP reinforced models dissipate more energy 
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than the FRP reinforced models.  The increase in energy dissipation varies from 5% to 
67% for SMA-FRP1 reinforced models and 254% to 299% for SMA-FRP2 reinforced 
models, when compared to the FRP reinforced models.  This is consistent with the results 
of the substructure analyses, which showed that SMA-FRP2 has a greater potential for 
energy dissipation.  This greater potential comes from the fact that the stress-strain curve 
of SMA-FRP2 contains more hysteric area than the curve for SMA-FRP1, see Figure 5.3.   
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Figure 7.8:  Dynamic Analysis Results – Energy Dissipation (a) Northridge (b) Kobe (c) 
Loma Prieta 
 
 
 
 102
One can also see from Figure 7.8 that the maximum energy dissipated was not the 
same for every earthquake.  This can be explained using Figure 7.9, which shows the 
SMA-FRP2 stress-strain history from the maximum PGA earthquake for the Northridge 
and Kobe records.  In both cases this stress-strain curve is from the top reinforcement in 
the beam integration point closest to the 1st story beam-column joint on the left side of the 
frame.   This figure shows that this reinforcement was subjected to many more high strain 
cycles in the Northridge earthquake; thus the frame was able to dissipate more energy in 
the Northridge earthquake, when compared to the Kobe earthquake.  This behavior is not 
surprising when considering the ground acceleration time histories of the two earthquake 
records, (see Figure 7.3); the Kobe record is dominated by one large spike in 
acceleration, while the Northridge record shows multiple spikes of acceleration achieving 
near maximum values. 
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Figure 7.9:  SMA-FRP2 stress-strain results from the 1st floor beam at maximum PGA 
(a) Northridge   (b) Kobe  
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CHAPTER 8:  
CONCLUSIONS 
 
This thesis explored analytically the behavior of SMA-FRP composites and the 
use of SMA-FRP reinforcement in concrete structures and particularly the ability of 
SMA-FRP reinforcement to improve the ductility and energy dissipation of FRP 
reinforced structures.  A simplified analytical model describing the stress-strain behavior 
of SMA-FPR composites was developed in MATLAB based on experimental results.  
The model was used in a parametric study that measured the effect of three key 
parameters including conventional fiber reinforcement type, SMA volumetric percentage, 
and level of SMA prestraining on the composite’s ductility and energy dissipation 
capabilities.  
Experimental results showed that replacing 25% (by volume) of the fiberglass in a 
GFRP composite with superelastic SMA wires would increase the amount of ductility 
and elastic energy dissipated  by 64% and 2.6 times, respectively. Even after the rupture 
of the fiberglass, the SMA-FRP specimen was able to sustain 28% of its strength until 
3.8% strain, while the GFRP specimen failed at 1.63% strain. The parametric study 
revealed that the effectiveness of the SMA-FRP in increasing the ductility of concrete 
structures is highly dependent on the phase transformation strain of the SMA and the 
rupture strain of conventional fibers.  Increasing the spacing of these two strain measures 
will result in a more ductile SMA-FRP. Two approaches were investigated to increase the 
difference between these two strain values. The first approach was through prestraining 
the superelastic SMA wires prior to using them in the composite, while the second 
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approach was through using conventional fiber reinforcement with relatively high rupture 
strain. The study showed that in a particular case and under the same load demands, 
prestraining the SMA wires increased the ductility ratio and elastic energy absorbed by 
245% and 392%, respectively. However, in some cases prestraining was associated with 
a significant decrease in the composite’s yield stress to a level where it would be 
unsuitable for structural applications. The study also showed that SMA-FRP composites 
reinforced with the high rupture strain conventional fibers such as S-Glass and aramid, 
dissipated, on average, 180% more energy than the composites reinforced with the 
moderate rupture strain E-Glass fibers.  The opposite was observed with the modulus of 
elasticity of the conventional fibers where high modulus fibers decreased the ductility of 
the composite. Therefore, to increase the SMA-FRP composite’s ductility and ability to 
dissipate energy, high strain, moderate modulus of elasticity conventional fiber 
reinforcement is recommended. Another key difference between the behavior of SMA-
FRP and conventional FRP composites was the capacity for residual stress in SMA-FRP 
composites after the rupture of the conventional fibers.  This characteristic is vital under 
extreme loading conditions where the residual stress could play a significant role in 
protecting the structure from collapsing. The residual stress observed in the parametric 
study varied from 4.6% to 52.3%. 
For the study on the use of SMA-FRP reinforcement in concrete structures, two 
experimentally based models of SMA-FRP reinforcement were created in OpenSees.  
The two SMA-FRP composite types used in the analysis were SMA-FRP1 which 
comprised 25% S-Glass and 75% SMA, by volume, and SMA-FRP2 which was 
reinforced with 100% SMA.  These models were then used to investigate the efficacy of 
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SMA-FRP composites as reinforcements for concrete structures and compare it with 
conventional GFRP bars. Additionally, to evaluate the effect of concrete confinement on 
the performance of SMA-FRP reinforcement, three confinement levels were incorporated 
in the analysis.  Sectional analysis using moment-curvature relationships illustrated the 
capability of SMA-FRP reinforcements to increase the curvature ductility by up to 4.2 
and 11.5 times for SMA-FRP1 and SMA-FRP2, respectively compared to GFRP 
reinforcement.  It was also found that increasing the reinforcement ratio decreased the 
curvature ductility of the section for all reinforcement types, while increased its moment 
capacity.  Furthermore, it was found that decreasing the confinement level decreased 
maximum moment and curvature ductility of the section, regardless of the reinforcement 
type.   
At the substructure level SMA-FRPs were used in two case studies.  The first case 
study was performed on a reinforced concrete cantilever beam and demonstrated the 
superiority of SMA-FRP to GFRP in enhancing the ductility and energy dissipation of the 
concrete beam, when SMA-FRP reinforcement is only provided in the plastic hinge zone 
near the end of the beam.  Under the same load history, the damping ratio due to 
hysteretic area in the beam reinforced with two different types of SMA-FRP was 3 times 
and 8 times higher than the FRP reinforced beam.  The displacement ductility of the 
beam reinforced with SMA-FRP composites was 2.83 and 2.65, respectively, while for 
the conventional FRP reinforced beam the behavior was almost linear, i.e. non-ductile. 
In the second case study SMA-FRP reinforcement was investigated in the plastic 
hinge zone of a beam-column joint subassemblage, which was subjected to cyclical 
loading.  The response of the beam-column joint was evaluated using three parameters; 
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the maximum displacement, equivalent damping factor, and the displacement ductility.  
Results indicated that, SMA-FRP reinforced joints have superior damping ratio compared 
to the FRP reinforced joint. The maximum damping ratios for the SMA-FRP1 and SMA-
FRP2 cases were 101% and 475% higher, respectively, than the maximum damping ratio 
for the GFRP reinforced joint.  It was also shown that the SMA-FRP reinforced models 
have better performance in terms of drift capacity (20% and 125% increase for SMA-
FRP1 and SMA-FRP2, respectively) and ductility (4 and 5.8 for SMA-FRP1 and SMA-
FRP2, respectively) when compared to the GFRP reinforced models.  The only exception 
to this was seen for low confinement specimens, where ductility and drift capacity gains 
were low to negligible.  
At the structure level an incremental dynamic analysis of a 1 bay – 3 story Frame 
with SMA-FRP reinforcement in the plastic hinge zones of all beams was completed with 
three earthquake records.  While the benefits of SMA-FRP reinforcement depended on 
the earthquake record, the results showed that in all cases the SMA-FRP reinforced 
structures were able withstand higher seismic demands, measured by the maximum 
survivable PGA of each earthquake.  The drift capacity of the SMA-FRP frames was also 
shown to increase by up to 16% and 66% for SMA-FRP1 and SMA-FRP2 reinforced 
models, respectively, when compared to the GFRP reinforced models.  Additionally, the 
energy dissipation of SMA-FRP reinforced frames increased by up to from 67% and 
299% for the SMA-FRP1 and SMA-FRP2 reinforced models, respectively, when 
compared to the GFRP reinforced models.  These results illustrate that SMA-FRP bars 
have the potential of effectively reinforcing critical sections in earthquake-resistant 
concrete structures. 
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In this thesis the behavior of SMA-FRP reinforcing bars has been systematically 
investigated.  This started with experimental tests of the properties of SMA-FRP 
coupons, but continued with an analytical study of SMA-FRP bars at the material level 
and analysis of SMA-FRP reinforced concrete structures at the section, substructure, and 
structural levels.  At each point in this investigation, it was shown that SMA-FRP bars 
can provide ductility and damping that is lacked when traditional FRP reinforcement bars 
are considered.  Logical continuations of this work include more in-depth analytical 
studies using less idealized SMA-FRP material models and verification thru experimental 
tests of SMA-FRP reinforced concrete specimens 
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